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ABSTRACT 


This  final  report  contains  the  results  of  a study  to  develop  a 
time-domain  analysis  for  inpulse-excited  aperture  antennas  such  as  the 
paraboloid/TEM  horn  system.  The  principal  approach  used  is  the  Chemousov 
aperture-fields  formulation,  based  upon  the  Huygens-Kirchoff  principle, 
to  obtain  time  domain  equations  for  antenna  radiation. 

The  aperture  fields  over  the  front  and  two  side  apertures  of  a 
constant- impedance  TUi  horn  are  obtained  by  modeling  it  as  a transmission- 
line, TEM-node,  traveling-wave  system  with  TDR-measured  reflection  coeffi- 
cients. The  equations  derived  from  this  approach  were  programmed  for 
digital-computer  numerical  calculation.  A second  approach  developed  for 
the  horn  is  the  vector  potential  formulation  using  a current  distribution 
on  the  conductors  consistent  with  the  fields  in  the  TEM  traveling-wave 
model.  A third  approach  used  for  small-aperture  horns  is  to  model  them 
as  V-dipoles.  Equations  are  given  for  calculating  transient  radiation  from 
linear  dipoles  in  any  direction,  including  near  endfire,  from  the  currents 
on  the  dipole.  Approximate  closed-form  expressions  are  derived  for  small- 
aperture  horns  for  the  radiation  waveform  in  the  boresight  or  backfire 
directions,  using  all  three  above  approaches,  which  agree  with  each  other. 
Comparison  on  a relative  basis  between  computed  and  available  experimental 
radiation  vs.  time  curves  for  four  TEM  horns  in  various  directions  shows 
reasonably  good  agreement. 

The  paraboloid  aperture  fields  are  obtained  by  a point-to-point 
transformation  from  the  fields  at  the  paraboloid  surface.  The  latter 
fields  are  calculated  from  a non-isotropic  point  source  with  arbitrary 
time  excitation  at  the  focus.  Any  given  lorn  is  replaced  by  an  equivalent 
point  source  through  an  approximate  closed-form  equation  characterizing 
the  horn's  fields  in  its  principal  planes.  For  gaussian  pulse  excitation, 
computed  radiation  vs.  time  curves  are  presented  for  an  isotropic  feed  and 
for  a particular  8"  TEM  horn  both  feeding  a 48"  paraboloid,  in  the  bore- 
sight  direction  and  other  directions  to  display  the  side  lobe  structure. 
Comparison,  on  a relative  basis,  with  experimental  curves  for  the  boresight 
direction,  show  reasonably  good  agreement. 

The  report  consists  of  two  volumes,  each  of  which  are  self- 
contained.  In  addition,  Vol.  1 references,  discusses,  and  incorporates  the 
results  of  Vol.  2 xn  such  a manner  that  the  reader,  if  desired,  can  obtain 
an  overview  of  the  entire  project  from  Vol.  1. 


EVALUATION 


4 

4 


Over  the  oast  decade,  the  RADC  Antenna  Community  has  continued  its  interest 
and  envolvement  in  the  behavior  of  antennas  when  excited  by  short  time  duration 
impulsive  like  signals  and  fields.  While  substantial  advancements  have  been 
made  for  simple  antenna  structures  (monopole,  dipole  and  TEM  horns)  the  more 
complex  antenna  systems  have  not  been  sufficiently  considered.  Although 
considerable  experimentation  using  time  domain  techniques  has  been  performed 
on  re V lector/feed  systems,  a concerted  engineering  approach  for  time  domain 
analysis  and  synthesis  is  lacking.  The  purpose  of  the  work  reported  on  herein 
was  to  develope  direct  time  domain  models  suitable  for  analyzing  and  predicting 
the  time  domain  behavior  of  ref lector/TEM  horn  antenna  systems. 

These  reports  contain  the  results  of  an  18  month  study  performed  by  the 
Electrical  Engineering  Department,  University  of  Vermont.  Three  approaches 
were  developed  directly  in  the  time  domain  suitable  for  predicting  the  impulsive 
radiation  for  ref  lector/ feed  antenna  systems.  Complete  and  detailed  expressions 
and  formulations  ore  provided  and  all  assumptions  and  approximations  are 
completely  described.  Comparisons  of  the  utility  of  the  analytical  solutions 
are  provided  by  comparison  with  available  experimental  data  for  a number  of 
TEM  horns  and  ref loetor/horn  conf iaurations. 


The  results  of  this  research  provide  a unified  and  concerted  approach  for 
analyzing  the  radiation  v.s.  time  behavior  of  anerture  type  antennas.  It 
has  been  shown  that  the  approaches  developed  are  theoretically  sound  and  self- 
consistent  within  themselves  as  well  as  with  C.W.  antenna  theory.  A number 
of  problem  areas  are  identified  and  recommendations  for  further  study  made. 


This  effort  supports  TPQ-5  "Electromagnetic  Generation  and  Control" 
referenced  under  paragraph  5. 5.?. 2 in  RAOC  Technology  Plan  Part  III  dated 
Sent.  75.  Specifically  these  results  are  applicable  to  wide  bandwidth  antenna 
systems,  ECM,  ECCM  anc  SEW  efforts. 


^ -John  Potonza 

Project  Engineer 
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CHAPTER  1 


INTRODUCTION 


1.1  INTRODUCTION 

This  final  report,  consisting  of  two  volumes,  reports  on  work 
performed  from  21  Dec.  1972  to  June  30,  1974,  under  RADC  Contract  No.  F30602- 
73-C-0104,  entitled  Time  Domain  Aperture  Antenna  Study,  for  the -Air  Force 
Systems  Ccmnand,  Pome  Air  Development  Center,  Griff iss  Air  Force  Base,  N.  Y. 
Volume  1 is  written  by  Prof.  M.  Handelsman,  Electrical  Engineering  Depart nent. 
University  of  Vermont,  Project  Director.  Volume  2 is  identical  to  a Fh.D. 
thesis,  with  the  title  The  Transient  Electromagnetic  Far  Fields  of  a 
Paraboloid  Reflecto */TTH  Horn  Antenna  Using  Time  Domain  Techniques,  submitted 
to  the  Department  / ' lactrical  Engineering,  University  of  Venont,  by 
Mr.  Hugh  C.  Maddocks , referred  to  as  Haddocks  (1974)  in  Vol.  1. 


1.2  PURPOSE  OF  PROGRAM 

The  purpose  of  this  program  is  to  develop  a time-domain  approach 
to  the  analysis  and  synthesis  of  impulse-excited  high  gain  aperture  antennas 
such  as  the  paraboloid /TEM  hom  feed  type.  The  principal  approach  is  to  be 
Cherriousov's  formulation  (Chemousov  1965)  based  on  the  Huygens-Kirchoff 
principle  to  obtain  time  domain  expressions  for  antenna  radiation.  The 
existing  formulation  as  presented  by  Chemousov  is  to  be  extended  in  detail 
and  scope,  and  systematically  applied  to  obtain  solutions  to  time  domain 
radiation  performance,  using  the  analysis  technique.  The  utility  and 
validity  of  this  approach  is  to  be  tested  by  comparison  with  published 
results  and  available  experimental  data. 
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1.3  CONTENTS  OF  THIS  REPORT 


1.3.1  INTRODUCTION 

Volumes  1 and  2 of  this  report  are  each  self-contained  volumes. 

In  addition , Vol.  1 references,  discusses,  and  incorporates  tire  results  of 
Vol.  2 in  such  a manner  that  the  reader,  if  desired,  can  obtain  an  overview 
of  the  entire  project  from  Vol.  1. 

1.3.2  VOLUME  1 

Chapter  2 in  Vol.  1 discusses  tire  calculation  and  characteristics 
of  transient  radiation  from  TEM  horns,  use  of  the  field  equivalence  theorem, 
assumptions  underlying  the  TTM-mode  model  of  the  horn,  derivation  of  a 
closed-form  expression  for  tire  boresight  radiation  in  the  time  detrain  using 
three  different  approaches  (Chernousov  aperture  formulation,  current-sheet 
plus  vector  potential  approach,  and  a V -dipole  approach),  and  comparison  of 
theory  with  experiment.  Chapter  3 discusses  transient  radiation  from  a 
paraboloid,  the  characteristics  of  radiation  from  planar  apertures  with  TEM- 
wave  excitation,  paraboloid  aperture  excitation  produced  by  an  isotropic 
primary  feed  and  by  an  8”  TUI  horn  feed,  and  comparison  of  theory  with 
experiment.  Chapter  4 contains  conclusions  and  reconroendaticns.  References 
are  listed  after  Chap.  4,  Appendix  A discusses  radiation  from  transients  on 
linear  dipole  antennas , clears  up  a problem  concerning  radiation  in  the  end- 
fire  directions  reported  previously  (Har.~elsman  1972 ) , and  examines  the 
radiation  for  various  special  cases.  Appendix  B contains  a discussion  on 
tertninal  reflection  coefficients,  and  the  state  of  the  art  on  time  domain, 
transmission-line  models  for  dipole  antennas. 
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1.3*2  VOLUME  2 

Chapter  1 in  Vol.  2 contains  a statement  and  background  of  the 
problem,  which  is  the  study  of  the  transient  far  fields  of  a paraboloid/TEM 
hcrr.  antenna  system  in  the  time  domain.  Chapter  2 contains  an  analysis  of 
the  transient  far  fields  of  TEM  horn  antennas  using  the  Chemousov  aperture- 
field  method.  This  includes  analysis  of  the  three  radiating  apertures, 
approximate  closed-form  expressions  for  the  radiation  in  the  boresight  and 
backfire  directions  and  also  for  azimuth-plane  directions  well  removed  from 
boresight  and  backfire,  and  comparisons  between  theory  and  experimental 
results  for  three  Sperr*'  Rand  horns,  and  the  8"  PEW  horn.  Chapter  3 contains 
an  analysis  oj.  the  l’adiation  from  an  approximation  to  a TEM  horn  with  small 
E-plane  flare  consisting  of  a sectioned  biconi  cal  antenna.  The  radiation  is 
caJeulateu  from  the  vector  p .tential  resulting  from  the  assumed  current- 
sheet  flow  on  the  conducting  surfaces.  Approximate  closed-fom  equations  for 
the  radiation  in  the  boresignt  and  backfire  directions  are  derived  which 
agree  with  those  derived  in  Chapter  ? using  the  aperture  fields.  Chapter  4 
analyzes  tire  transient  far  fields  of  . paraboloid  excited  by  a point  source 
feed,  with  a ncn-isotropic  I in  angle)  primary  pattern,  develops  various 
required  coordinate  transformations  from  the  horn  to  ♦he  paraboloid  exit 
apertui'e  to  the  fa r field  points,  and  develops  an  equation  for  the  paraboloid 
boresight  field  with  an  isotropic  feed.  Chapter  5 analyzes  the  fields  when 
the  paraboloid  is  excited  by  a TIM  horn  feed,  and  compares  theoretical  to 
available  experimental  results  for  the  BDM  48"  paraboloid/ C"  TEM  horn  for 
the  boresight  direction.  Chapter  6 contains  conclusions  and  summary.  A 
list  of  references  starts  on  p.  106.  There  are  5 appendixes  containing  tire 
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details  of  various  mathematical  derivations  and  the  listing  of  2 Fortran 
programs.  Appendixes  A,  B,  and  C,  respectively,  contain  derivations  of  the 
Chernousov  equations . the  paraboloid/  i sotropic  point  source  feed  radiation 
fields,  and  the  paraboloid/TEM  horn  feed  radiation  fields.  Appendixes 
D and  E,  respectively,  describe  and  list  Fortran  programs  to  compute  the 
radiation  fields  of  a paraboloid  excited  by  an  isotropic  point  source  feed 
and  by  a TEM  horn  feed  which  produces  a tapered  illumination  over  the  para- 
boloid exit  aperture  computed  from  an  approximate  closed-form  expression 
matched  to  the  radiation  characteristics  of  the  horn. 

1.4  PROGRAM  ORGANIZATION 

The  persons  who  performed  this  work  are  Dr.  Morris  Handelsman, 
project  director  and  author  of  Vol.  1,  and  Mr.  Hugh  C.  Maddocks,  Graduate 
Assistant,  author  of  Vol.  2,  both  of  the  Electrical  Engineering  Department, 
College  of  Engineering,  Mathematics  and  Business  Administration,  University 
of  Vermont. 


CHAPTER  2 


TRANSIENT  RADIATION  FROM  TEM  HORNS 
2.1  INTRODUCTION 

The  characteristics  of  radiation  from  TEM  horns 
excited  at  the  input  (apex)  by  arbitrary  time  waveforms  are 
discussed  in  this  chapter.  There  are  two  principal  approaches 
to  radiation  models  of  the  TEM  horn  discussed  (i.e.,  the  use  of 
the  aperture  fields,  and  the  use  of  the  vector  potential  based 
upon  the  current  distribution  on  the  wedge  conductors)  , both  in 
the  time  domain.  A complete  and  detailed  time-domain  analysis 
of  the  TEM  horn  radiation  at  all  angles,  using  the  above  two 
approaches,  is  given  by  Maddocks  (1974).  Maddocks  (1974)  also 
presents  digital  computer  calculations  and  graphs  for  a number 
of  special  cases  for  which  experimental  data  is  available  for 
comparison  of  theory  with  experiment.  Maddocks  (1974)  also 
develops  approximate  closed-form  expressions  for  the  radiation 
from  small  horns  in  the  azimuth  plane,  by  suitable  reduction  of 
his  complete  equations.  These  will  be  discussed  further  in 
this  chapter. 

It  is  also  shown  that  the  small  TEM  horn  may  be 
modeled  as  a V-dipole.  Using  the  results  of  Appendix  A,  it  is 
shown  that  to  witnin  the  accuracy  of  the  small-horn  approximation 
described  herein,  this  third  model  produces  identical  results 
with  those  obtained  by  Haddocks  (1974)  using  the  two  models 


described  in  the  preceding  paragraph. 

In  summary,  the  purpose  of  this  chapter  is  first  to 
discuss,  from  an  engineering  viewpoint,  some  of  the  more  import- 
and  results  obtained  by  Maddocks  (1974).  Second,  additional 
discussion  is  given  concerning  the  basic  assumptions  and  neces- 
sary simplifications  underlying  the  radiation  models  employed  in 
the  analysis.  Third,  comparison  is  made  with  a TEH  horn  analysis 
published  by  Martins  (1973). 

2.2  RADIATION  FROM  A TEM  HORN;  ASSUMPTIONS 
2.2.1  TEM  MODE 

The  first  and  perhaps  most  important  assumption  made 
in  calculating  the  radiation  from  a "TEM"  horn  is  that  the  horn 
propagates  only  one  mode,  the  TEH  mode.  It  is  true  that  practi- 
cal closed  waveguides  usually  allow  propagation  of  only  one  mode, 
the  dominant  mode,  although  higher-order  modes  may  be  excited  by 
discontinuities . 

The  TEM  horns  built  to  date  may  allow  propagation  of 
various  TE  and  TM  modes  (i.e.,  non-TEH  fields)  assuming  there  are 
sufficient ly  high  frequency  components  in  the  excitation  which 
exceed  the  cut-oif  frequencies  of  these  modes,  and  conditions 
exist  to  excite  such  modes.  It  is  pointed  out  that  while  the 
general  problem  area  of  transmission-line  or  guide  discontinuities 
from  the  multi-mode  viewpoint  has  received  vast  attention  for 
steady-state  e^wt  excitation,  there  is  practically  nothing  pub- 
lished concerning  discontinuities  from  the  time-domain  viewpoint. 


as  far  as  this  writer  knows. 

The  exact  structure  of  the  fields,  especially  at  the 
TEM  horn  apertures,  is  a separate  and  difficult  boundary  value 
problem  which  is  beyond  the  intent  of  this  investigation.  From 
a practical  and  engineering  viewpoint , it  is  therefore  necessary 
to  content  oneself  with  assuming  propagation  of  only  the  TEH 
mode,  the  usefulness  of  this  simplifying  assumption  being  verified 
by  comparison  of  the  resulting  theoretical  predictions  with  ex- 
periment. This  then  assumes  that  while  non-TEM  modes  may  be  ex- 
cited, they  do  not  propagate  within  the  TEM  horn. 

There  is  a discussion  on  waveguide  and  horn  feeds  in 
Silver  (1949:chap.  10)  which  makes  a number  of  points  pertinent 
to  this  discussion,  if  it  is  assumed  as  above  that  only  the  TEM 
mode  propagates  in  the  TEM  horn,  which  completes  the  analogy  to 
a waveguide  with  its  single  dominant  mode.  Then  over  a cross- 
section  inside  the  horn  sufficiently  far  from  the  front  aperture, 
the  field  is  the  sum  of  the  incident  and  reflected  waves  of  the 
TEH  mode  only,  the  higher-order  modes  generated  by  this  aperture 
being  assumed  to  decay  in  distance  with  sufficient  rapidity.  Thjs 
assumes  that  the  open  sides  of  the  TEH  horn  present  a relatively 
small  and  negligible  continuous  discontinuity  to  the  TEH  mode,  as 
compared  to  the  abrupt  discontinuity  presented  by  the  front 
aperture,  an  assumption  which  seems  to  be  borne  out  by  reflecto- 
aetry  measurements  (Martins,  1973:147),  However,  in  the  front 
aperture,  non-TEM  higher-order  modes  can  be  generated  and  exist 
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locally,  excited  by  the  sudden  discontinuity  in  the  TEM  guiding 
structure.  Unless  the  detailed  distribution  of  these  higher  mooes 
is  known,  their  contribution  to  the  radiation  must  be  neglected. 
This  is  one  source  of  inaccuracy  in  calculating  the  radiation 
from  the  aperture  fields  (Silver  1949:334). 

However,  as  pointed  out  in  Silver  (1949:334)  the 
effects  of  the  aperture-reflected  dominant  mode  (TEM  in  this 
case)  can  be  taken  into  account  in  terms  of  a reflection  coeffi- 
cient R which  is  the  ratio  of  the  reflected  and  incident  electric 
fields.  In  the  waveguide  case  R is  determined  experimentally 

by  standing-wave  measurements  in  the  guide  (which  involves  only 
the  dominant  mode).  In  the  corresponding  TEM  horn  time-doma5.n 
case,  R is  determined  experimentally  by  time-domain  ref lectometry 
( TDR)  measurements,  involving  the  TEM  mode  in  the  transmission 
line  input  to  the  horn  (Martins  1973:122,143).  Assuming  that  the 
reflection  coefficient  R of  the  front  aperture  is  determined  by 
measurements,  then  the  total  TEM  E field  in  the  aperture  is  given 
by  (Silver  1949:335  Eq.  (2)) 

Ea  = (l+R)Ei  (!) 

where ; 

Ea  = TEH  transverse  field  in  front  aperture 
E^  = incident  TEH  transverse  field 
The  corresponding  total  TEH  H field  in  the  aperture  is  then 

Ha  = ( 1-R)  Kj:  (2) 
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Since  for  the  TEH  mode 


then  Ha  can  also  be  written  as  follows: 

--ti-j*  «> 

~ l*<?  'Ho 

This  equation  is  the  same  as  Silver  (1949:335  Eq.  (4)),  where 
f = R,  and  t - Hi/Ei  = l/*\©  . 

The  fields  in  the  open  sides  of  the  TEM  horn,  follow- 
ing the  discussion  given  previously,  are  assumed  to  be  the  fields 
of  the  traveling  TEH  waves  in  the  horn;  no  discontinuity,  reflec- 
tion or  fringing  is  assumed.  This  is  probably  another  source  of 
inaccuracy  in  the  aperture-field  radiation  model;  however  it  does 
not  appear  to  be  particularly  significant,  based  upon  experimental 
results . 


2.2,2  USE  OF  THE  FIELD  EQUIVALENCE  THEOREH 

The  field  equivalence  theorem  or  the  equivalence  prin- 
ciple as  set  forth  by  Schelkunofr  and  Friis  (1952:516-520)  under- 
lies the  necessity  for  a closed  surface  S,  required  by  the 
Chernousov  (1965)  formulation,  over  which  the  fields  must  be 
known  or  estimated.  The  Chernousov  formulation  in  terms  of 
aperture  fields  is  one  of  the  two  TEH  horn  radiation  models  used 
by  Haddocks  (I974:chap.  2).  Hence  a brief  discussion  of  the 
equivalence  theorem  in  the  context  of  its  application  to  the  TEH 
horn  is  now  presented. 
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Schelkunoff  and  Friis  (1952:520)  sum  up  the  appli- 
cation of  the  equivalence  theorem  to  a waveguide  horn  problem. 
The  following  statements  are  taken  (almost  verbatim)  from  this 
reference.  A closed  surface  S is  considered  which  covers  the 
aperture  and  encloses  the  horn  itself.  If  the  tangential  E and 
H fields  on  surface  S are  known  exactly,  then  by  the  equivalence 
theorem  the  fields  outside  S may  be  calculated  exactly  from  the 
virtual  sources  which  replace  the  fields.  Schelkunoff  and  Friis 
make  the  specific  point  that  in  this  case  the  horn  may  then  be 
removed  (for  reasons  explained  previously  in  Schelkunoff  and 
Friis  (1952:519)),  and  the  fields  of  the  virtual  sources 
(equivalent  electric  and  magnetic  currents)  calculated  as  if 
these  sources  were  in  free  space.  This  is  an  important  point, 
as  it  allows  calculation  of  the  radiation  fields  as  if  the  horn 
were  not  present. 

In  practice,  as  Schelkunoff  and  Friis  point  out, 
usually  we  do  not  know  the  true  fields  over  surface  S,  and  must 
resort  to  approximations.  These  approximations  (in  reality 
educates  estimates  of  the  true  fields)  in  the  case  of  the  TEH 
horn,  are  discussed  by  Haddocks  <1974:chap.  2). 

The  fields  over  the  front  and  side  apertures  are 
assumed  to  be  due  to  incident  and  rror.t-aperture-ref lected 
traveling  TEH  waves.  No  other  traveling  waves  are  necessary, 
as  the  TEH  horns  are  assumed  to  be  matched  at  their  inputs. 
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Over  the  part  of  surface  S occupied  by  the  exterior 
surfaces  of  the  two  metal  wedges,  the  tangentic.'  E field  is 
very  closely  equal  to  zero  (the  wedges  are  good  conductors), 
but  the  tangential  H field  is  not  known.  This  tangential  H 

field  is  related  to  the  "leakage"  currents  Je  on  the  exterior 

A _ 

surfaces  by  Je  x H.  Since  Je  is  also  not  known,  this  equa- 

tion cannot  be  used  to  find  tangential  H.  However,  it  is  known, 
based  upon  much  practice  and  experience,  that  at  least  for  open- 
ended  waveguides  and  the  like,  neglect  of  the  effects  of  the 
currents  on  the  exterior  walls  results  in  radiation  calculations 
which  are  a first  approximation  to  the  measured  data  (Jordan  and 
Balmain  1968:495).  Neglect  of  these  exterior  currents,  which  is 
equivalent  to  assuming  zero  tangential  H field  over  the  exterior 
surfaces  of  the  wedges  is  therefore  a third  source  of  inaccuracy, 
but  is  common  practice.  This  same  approximation  is  also  invoked 
for  waveguide  horns  by  Silver  (1949:336),  w i. «.  h the  precautionary 
note  that  the  approximation  improves  with  increase  in  the  size  of 
the  aperture  dimensions.  Thus  for  small  or  large  TEH  horns  the 
statements  by  Jordan  and  Balmain  ( 1968:495)  or  Silver  (1949:336).. 
respectively,  may  be  used  to  justify  the  approximation  of  zero  it 
fields  over  the  exterior  wedge  surfaces. 

The  remaining  portion  of  S is  the  small  open-ended 
back  aperture  of  the  TEH  horn.  It  was  decided  to  ignore  the 
contribution  to  the  radiation  from  the  fields  over  this  snail 
aperture  surface  of  the  horn  for  several  reasons.  The  first  and 
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principal  justification  for  this  is  that  this  aperture  is  rela- 
tively small,  and  therefore  its  contribution  to  the  radiation, 
especially  in  tl;e  important  forward-fire  direction  (forward-fire 
of  the  entire  TEM  horn)  is  small  in  any  event.  A second  reason 
is  that  due  to  the  relatively  close  proximity  between  this  aper- 
ture and  the  exposed  inner  conductor  of  the  coaxial  line  (which 
extends  across  the  apex  of  the  horn  and  excites  the  TEH  mode  in 
the  horn)  , there  is  a large  degree  of  uncertainty  concerning  the 
detailed  structure  of  the  fields  in  this  region  of  the  horn.  In 
other  words,  the  fields  in  this  region  are  undoubtabiy  quite 
geometry-sensitive.  In  view  of  this  uncertainty,  and  especially 
in  view  of  the  relatively  small  contribution  to  the  total  radia- 
tion from  this  part  of  the  horn,  the  fields  over  this  portion  of 
surface  S were  ignored  (i.e.,  taken  to  be  zero). 

There  is  a discussion  of  the  radiation  from  the  open 
end  of  an  infinitely-wide , semi- inf initely-long  parallel-plate 
guide  in  Collin  and  Zucker  (1969:621-630)  for  sinusoidal  time 
variation.  An  incident  dominant  TEH  mode  is  assumed.  An  exact 
solution  (first  obtained  in  1946?  for  the  radiation  is  presented, 
using  the  Wiener-Hopf  technique.  Tne  fields  within  the  guide 
consist  of  the  incident  TEH  mode,  a reflected  TEH  mode,  character- 
ized by  a reflection  coefficient  P - R,  plus  higher-order  TM 
nodes.  The  plate  separation  2a  and  the  operating  wavelength  V© 
are  selected  ( \©>2a)  so  that  only  the  TEH  mode  propagates 
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(note:  this  condition  might  not  hold  in  time-domain  applica- 

tions, depending  upon  the  upper  frequency  content  of  the  excit- 
ing transient  waveform).  It  is  shown  that  |R|  = exp . ( -k0  a) , 
where  kD  = 2tt/  Jt„  . The  phase  of  R is  given  by  an  infinite 
series.  Again,  in  time-domain  or  transient  analysis,  an 
"average"  R might  be  defined,  averaged  over  the  frequency 
content  of  the  exciting  waveform.  This  has  been  dene  for  a 
linear  dipole  antenna  by  King  and  Schmitt  (1962). 

The  analysis  in  Collin  and  Zucker  (1969)  also  shows 
that  there  are  currents  flowing  on  the  outside  of  the  platus 
which  implies  an  H field  over  the  exterior  surfaces.  However, 
it  is  also  shown  that  the  normalized  exact  radiation  pattern  is 
approximated  remarkably  well  by  the  normalized  radiation  pattern, 
especially  over  the  forward-fire  direction,  when  calculated 
using  a simple  rough  estimate  of  the  fields  over  the  aperture 
only  (=  constant  over  the  aperture).  This  excellent  agreement 
between  exact  and  approximate  normalized  radiation  patterns  is 
also  shown  to  hold  for  an  incident  TE^q  mode,  using  very  simple 
estimated  fields  over  the  aperture  only.  The  point  of  this  is 
that  it  is  possible  to  calculate  approximate  normalized  radiation 
patterns  which  are  surprisingly  close  to  t*»e  exact  patterns  which 
arise  from  a complex  current  and  field  distribution  over  the 
entire  guide,  by  using  very  rough  estimates  of  the  fields  over 
only  the  aperture,  as  has  been  done  in  the  case  of  the  TEH  horn. 
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Thus,  the  common  practice  of  using  estimated  fields  over  the 
apertures  only  continues  to  be  justified,  at  least  insofar  as 
normalized  patterns  are  concerned. 

Since,  as  described  above,  the  parallel-plate  guide 
radiation  problem  has  been  solved  exactly  for  e^w^  excitation, 
it  would  be  possible,  in  theory,  to  solve  for  the  radiation  with 
transient  excitation.  This  has  not  been  done,  to  this  writer’s 
knowledge.  It  is  probably  a formidable  but  achievable  task. 
Additional  and  possibly  more  serious  difficulties  arise  in  the 
application  to  the  actual  TEM  horn  because  it  is  flared,  and 
definitely  non-infinite  in  width.  In  this  report,  an  approxi- 
mate but  much  simpler  time-domain  approac’  using  traveling  waves 
and  estimated  aperture  fields  (an  estimated  current  distribution 
'’insistent  with  the  estimated  fields  is  also  used)  is  employed. 
As  discussed  previously,  approximations  based  upon  simple  esti- 
mated aperture  fields  only,  lead  to  reasonably  good  radiation 
pattern  results,  especially  for  radiation  near  the  forward-fire 
direction.  This  is  important,  because  this  is  the  direction  of 
most  significance  in  considering  the  radiation  from  a TEM  horn 
plus  parabolic  dish  system.  The  question  of  the  scale  of  abso- 
lute value  of  the  radiation  fields  is  not  resolved  by  comparison 
of  normalized  patterns.  It  is  possible  that  the  available  exact 
parallel-plate  solution  above  might  yield  absolute  value  results 
for  the  more  complicated  TEM  horn  structure,  but  this  has  not 
been  attempted. 
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2,3  RADIATION  FROM  FRONT  APERTURE  OF  TEM  HORN,  SINUSOIDAL 


TIME  VARIATION 
2.3.1  INTRODUCTION 

There  are  several  objectives  of  the  following  discus- 
sion on  the  radiation  from  the  front  apertures  of  TEM  horns, 
excited  by  conventional  steady-state  sinusoidal  time-varying 
excitation  (hereinafter  designated  as  e-]Wt  excitation).  The 
first  objective  is  to  show  that  the  equations  for  the  radiation 
fields,  in  the  presence  of  reflection  of  the  incident  wave  from 
the  front  aperture,  are  identical  in  their  functional  dependence 
on  the  reflection  coefficient  R and  polar  angle  6 with  those  for 
open  circular  and  rectangular  waveguides  with  dominant  mode 
reflections  from  their  open  ends,  as  given  in  Silver  (1949:334- 
344,  especially  Eqs.  11 , 13 , 2 0 , 2 2 , 2 3a  , 2 3b ) and  also  in  Ramo  £. 
Whir.nery  ( 1953  : 537-538). 

The  second  objective  is  to  compare  these  results  with 
those  obtained  by  Martins  (1973),  who  uses  e^wt  excitation  solu- 
tions to  develop  time-domain  solutions.  It  is  shown  that  the 
two  sets  of  solutions  do  not  agree  because  as  believed  to 

be  demonstrated  herein,  the  effects  of  the  aperture  reflection 
coefficient  are  incorrectly  accounted  for  in  setting  up  the 
aperture  fields  in  Martins  (1973),  which  in  turn  makes  the  ampli- 
tude and  the  angular  variations  of  the  radiation  patterns  also 
incorrect . 
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2,3.2  RADIATION  FROM  A SMALL  DIFFERENTIAL  AREA 

Figure  1 shows  a differential  area  in  the 

XY  plane  upon  which  is  normally  incident  a TEM  wave  traveling  in 
the  +Z  direction,  polarized  parallel  to  the  X direction.  Let 
the  aperture  electric  field  {or  voltage)  reflection  coefficient 
be  Kv  (same  as  R2  in  Martins  (1973)  and  P in  Silver  (1974)). 
Since  the  incident  fields  Ex^  and  Hy^  belong  to  a TEM  mode  in 
free  space,  they  are  related  by  the "Huygens ' source"  equation 
(Jordan  and  Balmain  1968:522) 

(5) 


where  ^\e  is  given  by  Eq.  (3).  Then  the  aperture  fields  Exa  and 
Hya  are  given  by  the  standard  reflection-transmission  equations 
(Jordan  and  Balmain  1968:Eqs.  5-78  thru  5-82)  as  follows: 


Exa 

= Exi 

+ kv  Exi  = 

(1 

+ kv)  Exi 

Ua) 

^•ya 

= Hyi 

— ky  Hy  ^ = 

(1 

- kv ) Hy j 

( 6B ) 

The  aperture  fields 

given 

by  Eq . ( 6 ) 

do 

not  comprise 

a Huygens’ 

source  satisfying  Eq 

. (5) 

unless  k v 

= 0 

, which  is  the 

reflection 

less  case  in  which  the  aperture  fields  are  the  same  as  the  inci- 
dent fields.  Thus  the  aperture  field  Exa  given  by  Eq.  (6A) 

cannot  be  substituted  for  Exa  in  radiation  equations  which  are 
designed  for  Huygens ' -type  fields.  Instead  it  is  necessary  to 
calculate  the  separate  radiation  fields  due  to  both  types  of 
equivalent  current  sources,  as  given  by  Eq.  (7)  below,  and  add 
the  resu  a . 
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The  equivalent  current  sources  over  surface  dA  are 
given  by  the  equations  (Ramo,  Whinnery  and  Van  Duzer  1965:663) 


in  = = -E*i  tv+te'A<*3 


( 7A) 


(7B) 


The  radiation  fields  due  to  these  sources  acting  over  area  dA 
are  calculated  below  using  a systematic  formulation  described 
in  Ramo  and  Whinnery  (1953:530);  this  is  the  reference  cited 
in  Martins  (1973:40;  for  calculation  of  the  radiated  fields 
from  the  TEM  horn  front  aperture.  The  fields  are  given  by 


AEe  =-) ^ 


( 8A) 


( 8B) 


where  for  the  differential  area  source  (Ramc  and  Whinnery  1953: 


506,530) 


& = f e iV  = Jdft  =- VAR  ^ (9f) 

)\j* 

<9B> 
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Thus 


A&  r-^iU-VfvV*  K 

AU*  Aft  Cioa) 

AI  = - e*;  CU-WV^s 

Au&  - e*i  tu-W')  Aft  doB) 

Hence  there  follows,  using  standard  cartesian  to  spherical  co- 
ordinate transformations, 

= AH*  zs-Ujji,  V<\ c©3© c*>s<|>  (11A) 

^ sr-A^i  5*^  - Otfcrt  <*&  <11B> 

<^1.0  — Coi©  Sin  $ 3 -E*t  (AV^v^  (lie) 

~ AL^  co6^  = -C*t  <*>£>  <t  ( iid ) 

Substituting  Eq.  (11)  into  (8),  and  using  Eq.  (5)  gives 

-5\xc  r » v 

iL 6*L<M\ccafy  C ( 12A) 

® 2 

- 

tie^=.j_|^_ewdftaH  Cl-M  + Cv^v'icae  (12B) 


The  bracketed  terms  in  Eq.  (12)  may  be  interpreted  as 


the  sum  of  "forward-fire"  and  "backward-fire"  cardioid  patterns. 


if  Eq.  (12) 

is  rewritten  as  follows: 

ae6= 

\Eii 

F* 

0*0*6')  -V  1-0*6^ 

^ 2>r 

= 

U 

2K 

( 13A) 


( 13B ) 


The  (l+cos0)  term  represents  a forward-fire  cardioid,  with  maxi- 
mum in  the  forward  direction  @ =0°,  while  the  (1-cos©)  term 
represents  a backward-fire  cardioid,  with  maximum  in  the  back- 
ward direction  8 =180°.  These  two  cardioids  are  shown  in 
Fig,  2.  In  any  principal  plane,  such  as  the  XZ  plane  (<|)=Q) 


j e*  <?~^r 

2>f 


(V*  cos  i*  (>£*66^ 


(14A) 


In  the  boresight  direction  (6=0),  Lq.  (14A)  yields 


l 6»c  £j^r 


(14B) 
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In  the  backfire  direction  (0ZTT),  Eq.  (14A)  yields 

(wo 

® K 

It  is  to  be  noted  that  the  radiation  in  the  boresight  direction 
(forward-fire,  © =0°)  is  independent  of  the  reflection  coeffi- 
cient kv,  while  that  in  the  backfire  direction  ( 0rTT  ) depends 
entirely  upon  kv.  However,  the  radiation  in  other  directions 
depends  upon  both  kv  and  the  angular  direction  ( 0j  ),  and  is 
the  superposition  of  the  two  basic  cardioids  given  in  Eq.  (13), 
consisting  of  a "reflectionless"  forward-fire  cardioid,  and  a 
backward-fire  cardioid  whose  magnitude  is  determined  by  the 
reflection  coefficient  kv. 

2.3.3  RADIATION  FROM  A FINITE  AREA 

The  TEM  horn  in  Maddocks  (1974:Fig.  2.1)  consists  of 
two  circular  conducting  sectors;  the  front  aperture  is  a spher- 
ical sector  at  f . This  is  the  same  as  the  Sperry  Rand  horn 
(Susman  and  Lamensdorf  1970,1971).  The  BD  and  M 8-inch  horn 
(Martins  1973)  Fig.  3(c))  consists  of  two  triangular  wedges;  the 
front  aperture  is  a planar  rectangle.  The  two  types  of  horns 
are  assumed  to  be  approximately  equivalent,  especially  for 
smaller  horns  with  small  E-plane  flare  (Maddocks  19?4:chap.  2). 
Consider  a TEM  horn  front  aperture  with  finite  area  A=2a  x 2b, 
as  shown  in  Fig.  3(a),  excited  by  an  incident  TEM  wave  traveling 
in  the  *Z  direction,  with  aperture  reflection  coefficient  kv. 


- 21  - 


The  aperture,  which  is  approximated  by  a planar  rectangle,  may  be 
divided  up  into  a large  number  of  differential  area  sources, 
similar  to  the  source  discussed  in  2.3.2  above,  where  it  is 
assumed  that  all  these  sources  are  excited  simultaneously  by  the 
incident  TEM  wave.  The  aperture  may  then  be  treated  as  a planar 
rectangular  array  of  these  differential  sources,  and  its  radia- 
tion field  will  be  given  by  the  product  of  the  aperture  array 
space  factor  (or  group  factor)  SXy  by  the  radiation  from  the 
basic  differential  area  source  (Jordan  and  Balmain  1968:494) 

as  follows  : 

< - _ sifl  (Kb Sweep'S 

Jii\  *“  IA  . (15A) 

3 \X(k  S«\  034*4  VC  b 

— given  by  Eq.  (13)  (15B) 

Eq.  (15A)  follows  from  Jordan  and  Balmain  (1968:Eq.  (13-60)), 
with  a replaced  by  2b  and  b replaced  by  2a.  The  incident  E field 
is  polarized  parallel  to  the  +X  axis,  and  H is  parallel  to  the 
+Y  axis  in  Fig.  Ca,  which  is  the  same  as  in  Jordan  and  Balmain 
(1968;Figs.  13-14  and  13-16).  However,  the  a and  b dimensions 
are  interchanged,  and  doubled  in  this  report.  The  results  are 
as  follows : 
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2K 


X swCftaswosia^  . 5vn  (Kbsw©cc>s<b^ 
^ a.  s«i0  311*4  b sw©  c©a^ 


2>r 


Hr  coa©  - Vcy  0-0*©} 


^ 5VflO<a5ift©5w4^  w sift  lvcV>sitie  tea^ 

fcix  5uA65in4  !£bswi©6oa4 


( 16A) 


( 16B  ) 


Equations  (16)  are  identical  with  those  in  Jordan  and  Balmain 
(1968,  Eqs.  (13-61,62)),  with  a replaced  by  2b  and  b replaced  by 
2a,  and  with  kv  = 0,  since  this  reference  considers  only  the  re- 
flectionless  case.  There  is  a typographical  error  in  Jordan  and 
Balmain  (196b,  Eq.  (13-62)),  in  that  cos^i  should  be  sin^  , as 
can  be  seen  from  Eq.  (13-52)  in  that  reference.  The  radiation 
patterns  in  the  two  principal  planes  and  in  the  boresight  and 
backfire  directions  are  as  follows: 

XZ-plane  ( QjTT  ) or  the  E-plane: 


e,_-4&U£gI 


E>r 


(l  V Cs>5©^  + Wv (V 


VC  b J5KV0 


(17  A) 


V2 -plane  ( Xtjz  }3y/ & ) or  the  H-plane: 


f SVr  I 


swCVsaawa^ 


(17B) 
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Boresight  ( i direction; 


c _ \S<u  A<?‘iVir 


(17C) 


Backfire  (0-  Ifeo*  ) d ire ction : 


jW  Eni 

K 


(17D) 


2.3.4  COMPARISON  WITH  SILVER  (1949) 

Equations  (17A,17B)  are  now  compared  with  similar 
equations  in  Silver  (1949).  These  equations  are  for  open-ended 
circular  and  rectangular  waveguides.  Attention  is  especially 
directed  to  the  bracketed  terms  in  Eqs.  (17A,178),  which  specifi- 
cally show  dependence  on  kv  and  the  basic  cardioid  patterns. 

For  a circular  waveguide.  Silver  (1949:Eqs.  (10-11, 
10-13))  gives  the  radiation  equations  for  TEmn  and  TMmii  modes. 

The  quantity^  mn  in  Silver  is  the  phase  constant  for  propagating 
modes,  given  by  Silver  ( 1949  :Eq.  (7-15)),  and  is  replaced  by 
K=21t/>  for  the  TEM  mode  in  a TEM  waveguide.  Inspection  of  the 
bracketed  terms  Eqs.  (10-11,10-13)  in  Silver,  which  correspond  to 
those  in  Eqs.  (17A,B)  abo*»e , putting  J3an/k*l,  and  V*  =kv,  shows 
that  both  sets  of  terms  are  identical.  The  remaining  terms  in 
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T 


i 

i 


the  equations  in  Silver  express  the  aperture  array  pattern 
factors  appropriate  to  the  circular  waveguide  geometry  and  the 
structure  of  the  waveguide  TEmn  and  TMmn  modes,  and  therefore 
are  not  expected  to  be  the  same  as  the  corresponding  remaining 
terms  in  Eqs.  (17A,B). 

For  a rectangular  waveguide  Silver  (1949  :Eqs.  (10-20, 
21,22,23)),  the  same  comparative  results  as  discussed  in  the 
preceding  paragraph  are  obtained.  Typical  bracketed  terms 
(i.e.,  Silver  (1347:Eq.  10-20))  are 


and 


f\+ •Sss-cose+l'Ci" 
r<ose+^l.+  V(<tee-^J 


(18A) 


( 1 SB  ) 


which  are  identi:al  to  the  corresponding  terms  in  Eqs.  (16A)  and 
( 16B ) , respectively,  when  J3  nnsrk(TEN  mode)  and  f*  =kv.  There  is 
a typographical  error  in  the  bracketed  term  in  Eq.  (10-22)  of 
Silver  for  E^  , in  that  should  be  Cos6  , which  can  be  veri- 

fied reference  to  Ec . (10-20)  for  E^  in  Silver. 

In  Eqs.  (10-23)  Silver  gives  the  E-  end  M - plane 
patterns  of  the  VE^q  mode  in  rectangular  waveguide  of  dimensions 
a x b.  The  aperture  E field  is  polarised  in  the  Y direction, 
so  the  YX  plane  is  the  E-piane,  and  the  XZ-plane  is  the  H-plar.e 
of  the  radiation  pattern.  See  Fig.  3(b).  The  E-plane  equation 
in  Silver  (Eq.  10-23a)  is  repeated  below  to  facilitate  comparison 
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xu  t\b  L 

-nv2r  [ 


(19) 


Upon  replacing  J3^ 0 /k  by  unity,  P by  kv,  and  b by  2b,  it  is  seen 
that  the  anguiar-dependent  portions  of  both  equations  are 
identical . 


2.3.5  COMPARISON  WITH  MARTINS  (1973) 

Equations  (17A,B,C)  are  now  compared  with  their  counter- 
parts, Eqs.  (28,27  and  29)  respectively  in  Martins  (1973),  which 
are  repeated  below  for  convenience. 


XZ-piane  ( Eq. 28) : 


r r 2 f iKbctoe'  _jhb<oao' 

lt*S*  * )-  - * 


( 2 OA  ) 


YZ-r>lane  ( Eq  . 27  ) : 


UtfJt+rS  4 

F ci<o.r,S - VoCtnaAe  W am 

0 * znrci-^e'2!^) 

L 


Bores l^h  t (Eg  . 29 ) 


)Wv.clt-R.y 

wa-KKSLe"z**'*) 


( 200 
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In  the  above  equations,  Rj  = kv  = the  aperture  reflection  coeffi- 
cient, and  = the  reflection  coefficient  at  the  input,  as  seen 
from  the  horn.  The  voltage  at  the  aperture  Z = of  the  horn  is 
Martins  1973:Eq.  (26)) 


\l(£)  - Vo  ClVRa^ 


( 21A) 


where  VQ  is  the  initial  traveling  voltage  wave  on  the  TEM  horn 
line,  given  by  (Martins  1973:Eq.  (25)) 

V V)  i:<? ( 21B ) 

* “ 

where 

Vg  = generator  voltage 
Zy  = feed  line  impedance 
Z0  = TEM  horn  impedance 

The  incident  TEM  wave  fields  at  the  aperture  are 

j o (210 

The  aperture  fields  are  then 

c _ via' \ _ e»l 

^w-TbT- 


\ VV  yS 

'Ho  ) 


(210 
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These  aperture  fields  do  not  correspond  to  a Huygens'  source, 
unless  R2=0.  It  is  incorrect  to  compute  the  radiation  from 
Exa  alone,  which  is  apparently  the  case  in  Martins  (1973:Eqs. 
(27-29) ) . 

To  simplify  the  comparison,  first  put  Rj_  = 0 (matched 
input).  This  detracts  little  from  generality;  in  addition,  the 
actual  TEM  horn  was  matched  (Martins  1973:108).  Second,  the  end 
bracketed  exponential  terms  in  Martins  (1973:Eqs.  (27,28)  are 


re 


placed  by  their  3*"X  equivalents,  as  follows: 


( 2 IF  ) 


Kb 


1G) 


Third,  the  coordinate  system  in  Martins  (1973),  designated  herein 

- -.1  . f 

as  ( \ 5 © j $ / and  shown  in  Fig.  3(c),  are  transformed  to  the 

spherical  ( ^ ^ ) coordinates  used  in  this  report  by  the 

following  equations: 


</ 


( 21H) 


J l 5 


(211) 
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Using  the  above  three  steps,  omitting  the  common  C term,  and 
using  V0  = 2b<Exi)from  Eq.  (21c),  Eqs.  (20A,B,C)  become  the 
following : 


XZ 


-plane  ( ^ r O } IT  • <fr  = ^ ^Tt/2  ) or  E-plane:  Eq  . (20A): 


2 S\<\C^t>5VX\6^ 


( 22A) 


YZ 


plane  ( (frs:  VjZ.  , 3TT/2.  ■ 8=  */2.  } 3YT/2.  ) or  H-plane;  Eq.  (20B): 


e tiuv. !,<*')=  ie»'' 

co  <J  1 * 2>r 


2Cos©  -SwCftaame) 


V?<xs>ua© 


( 22B) 


Bores i 


r .« 


ight  ( 0 = 0 ^ 0t:4 Eq.  (20C): 


(22C) 


Comparison  between  the  corresponding  pairs  of  equa- 
tions among  Eqs.  (17A,B,C)  and  Eqs.  (22A.B.C)  shows  the  follow- 
ing differences: 

( 1)  XZ  or  E-plane: 

Eq.  ( 17  A)  has  the  factorjV*  ^036  * Rt.O"<o3©}j  vs. 
2( 1+R2 ) Eq.  ( 2 2 A ) . These  are  oqual  only  if  both 
R2  = 0 and  0 =D. 
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vs  . 


( 2 ) YZ  or  H~plane  ; 

Eq.  (17B)  has  the  f actor ^ CV-'ioae^j 

2(1+R2)C«>5®  in  Eq.  (22B).  These  are  equal  only  if 
both  1*2  = 0 and  6 =0. 

(3)  Boresight : 

There  is  no  (I+R2)  factor  in  Eq.  (17C). 


2.4  RADIATION  IN  THE  BORESIGHT  DIRECTION ; COMPARISON  WITH 
MARTINS  (1973) 


The  radiation  in  the  boresight  direction  warrants  a 
separate  and  more  detailed  discussion,  for  a number  of  reasons, 
such  as : 

(a)  The  general  boresight  direction  is  the  most  important  direc- 
tion for  horns  used  to  feed  parabolic  reflectors. 

(b)  The  equation  for  boresight  radiation  tends  to  be  the  simplest 
one,  lending  itself  to  useful  closed-form  approximations,  valu- 
able for  insight  and  for  absolute  or  relative  comparisons  with 
results  derived  by  different  methods. 

(c)  Passage  from  the  e3w*  excitation  result  to  a general  time 
domain  result  is  relatively  simple. 

Comparison  between  Eqs.  (17C)  and  (22C)  shows  that  the 
Martins  (1973:Eq.  (29))  result,  for  the  front  aperture  alone  of 
the  TEM  horn,  is  higher  by  a factor  (1+R2>-  For  the  TDR  measured 
value  R2  = 0.7  (Martins  1973:171),  this  factor  =1  + 0, 7 = 1. 7.  When 
the  radiation  in  the  boresight  direction  due  to  the  two  side 
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apertures  is  taken  into  account,  which  is  not  done  quantitatively 
in  Martins  (1973),  then  for  smaller  horns,  it  has  been  shown  by 
Maddocks  (1974)  that  the  approximate  result  is  to  introduce  an 
additional  factor  of  two  into  the  denominator  of  Eq.  (17C). 

Then  the  amplitude  ratio  between  the  two  sets  of  results  is, 
approximately, 


1^,1 

1/2 


3.4 


( 22D) 


Equations  such  as  (17C.,22C)  may  be  used  to  infer  the 
response  to  arbitrary  time-waveform  excitation  by  noting  that 
for  excitation  d/dt  = jttl,  so 

d Em' 


= l 

> 2TTC-  2 Tic.  at 


(23A) 


Then  Eq.  (22C)  becomes 

’ 2X1  rc  ~JT 


(23B) 


In  the  notation  of  Marvins  (1973),  V0=V|(t),  so  that  from  Eq. 


( 2 1C ) 


^JL). 

2b 


(23C) 


where  V^(t)  is  the  standard  impulse  test  wave  form  of  amplitude 
= 384  volts  (Martins  1973:173,212).  Then  Eq.  (23B)  becomes, 
remembering  that  A = 4abv 
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Eq.  (23D)  is  Eq.  (95)  in  Martins  (1973).  For  smaller  horns,  such 
as  the  TEM  horn  under  discussion,  it  is  believed,  as  stated  above, 
that  this  result  is  in  error,  and  should  be,  approximately, 


Eelt\ 


q.  AVjfp, 

2T!  re- 


(23E) 


ro 


value  in  Eq. 


( 23D) 


2.5  DERIVATION  OF  THE  BORESIGHT  RADIATED  FIELDS  IN  THE  TIME 

DOMAIN,  USING  THREE  DIFFERENT  APPROACHES,  SMALL  TEM  HORNS 
2.5.1  INTRODUCTION 

The  radiation  in  the  boresight  direction  (normal  to 
the  front  aperture  of  the  horn)  is  important  for  the  reasons 
discussed  in  Section  2.4  above.  Haddocks  (1974)  has  derived 
equations  for  the  general  radiation  fields  of  general  TEM  horns, 
using  (1)  the  Chernousov  formulation  based  upon  aperture  fields 
(Maddocks  1974:chap.  2)  and  (2)  a vector  potential  A formulation 
based  upon  the  sheet-current  flow  in  the  conducting  wedges 
(Haddocks  (1974:chap.  3).  For  smaller  horns  Maddockr  (1974)  has 
developed  approximate  closed-form  equations  for  the  radiation  in 
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the  equatorial  plane,  which  include  the  boresight  and  backfire 
directions  as  special  cases.  In  addition,  using  s.  third  ap- 
proach, an  equation  for  the  boresight  radiation  vi  a small  TEM 
horn  is  developed  in  this  section  based  upon  a V-dipole  model  of 
the  horn.  To  within  the  accuracy  of  the  small-horn  approxima- 
tions, as  described  below,  all  three  approaches  produce  identi- 
cal results  in  the  boresight  and  backfire  directions.  These 
three  approaches  and  their  results  are  discussed  in  the  follow- 
ing three  sections. 

2.5.2  APERTURE  APPROACH 

Using  the  Chernousov  apertv.re  field  approach  Haddocks 
(1974:cbap.  2)  has  derived,  strictly  in  the  time  domain,  the 
radiation  equations  for  arbitrary  time  excitation,  in  any  angular 
direction,  for  constant-impedance  TEM  horns.  The  assumptions 
involved  in  this  aperture-model  of  the  TEM  horn  are  discussed  in 
Section  2.2,  The  horn  geometry  is  shown  in  Fig.  4.  The  actual 
front  aperture  is  shown  in  Tig.  3(a),  which  is  assumed  to  be 
approximately  equivalent  to  the  planar  rectangular  front  aper- 
ture shown  in  Fig.  4(d),  ••.xemplif ied  by  the  BD  and  M 8"  TEM 
horn.  Field  poinvs  ( ) and  horn  points  ( ) are 

in  standard  spherical  coordinates  as  shown. 

For  sufficiently  small  TEM  horns.  Haddocks  (1974: 
chap.  2)  has  derived  relatively  simple  approximate  closed-form 
expressions  from  the  general  equations  for  the  radiation  in  the 
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(c)  Top  view 


(d)  Front  aperture  approximated 
by  planar  rectangle 


FIG.  4 TEH  horn. 


equatorial  plane  (XY  or  H-plane  or  horizontal  plane,  or  ©- Ti/2. 
plane,  for  "vertical"  E polarization).  These  are  reviewed 
briefly  and  discussed  below  for  the  boresight  direction  (+X  axis, 
or  4 = ° , or  " forward- fire " direction). 

By  a "small  horn"  is  meant  a horn  with  front  aperture 
dimensions  such  that  the  aperture  travel  times  are  less  than  or 
comparable  with  the  characteristic  time  dimensions  of  the 
excitation  waveform.  The  travel  time  = distance/c,  where  c = 
propagation  velocity  = 3x10®  m/s;  one  inch  = 84.7  psec.,  one 
foot  = 1,016  psec.  ‘SS^.nsec,  For  example  the  8"  BD  and  M TEM 
horn  (Martins  1973)  has  the  following  aperture  dimensions: 
height  2b  = 1 5/16"  (travel  time  = 111  psec.),  and  width  2a  = 

8"  (travel  time  - 678  psec.).  The  IKOR  model  IMP  100  output 
voltage  waveshape  has  a pulse  width  ( null-to-null ) of  approxi- 
mately 500  psec.  (Martins  1973:212).  Hence  the  E-plane  dimen- 
sion (2b)  of  the  front  aperture  is  "small".  The  H-plane  dimen- 
sion (2a)  is  only  approximately  or  quasi-small;  this  results  in 
"smearing-out"  of  the  details  of  the  radiated  time-wave  forms. 

The  traveling-wave  exciting  TEH  fields  in  the  matched- 
input  TEH  horn  are  taken  as  (Haddocks  i974:Eqs.  (2-1, 2-2)) 
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where : 

V^(t)  = incident  voltage  from  pulse  generator  that 

approaches  the  input  terminals  of  the  feed 
(e.g.,  Martins  (1973:107)). 

f(  JLjfl  ) - illumination  amplitude  taper  factor,  discussed 
below . 

Ky  --  E-  field  or  voltage  reflection  coefficient  at 

the  aperture,  determined  by  TDR  measurements 
( =1*2  in  Martins  ( 1973:143)). 

The  first  terms  in  Eqs.  (24)  are  the  incident  waves,  traveling 

t 

in  the  + Y direction,  originating  at  the  horn  input,  where  no 
further  reflections  occur,  since  the  horn  is  assumed  to  be 
matched  at  its  input.  The  second  terms  in  Eqs.  (24)  are  the 
traveling  waves,  due  to  reflection  at  the  front  aperture. 

For  sr.all-aperture  horns,  especially  for  small  E-plane 
flare,  which  is  the  case  for  the  8"  BD  and  M horn,  the 
factor,  which  is  not  the  usual  illumination  taper  function,  may 

i 

be  evaluated  as  follows:  For  the  + Y traveling  wave,  the  E 

field  is  given  by  the  usual  equation 


( 2 5 A ) 
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On  the  other  hand,  from  Eq.  (24a), 


6V,t,*.rt=  ^ , Ufcel Mi 

* T‘  ( 2 5 B ) 

where  40  is  shown  in  Fig.  4(6),  and  is  given  by 

!0rt  = CTi-*2^o}r'  (250 

In  equation  (253),  +a,  s')  has  been  approximated  by  its  value  at 
the  aperture  center  • Then  from  Eqs  . (25A,B,C),  it 


follows  4 hat 


,o)(n-24o^  ' 


The  result  in  Eq.  (25D)  is  needed  in  the  analysis  which  follows. 

In  the  boresight  direction  (6=  + = o-)  it  can  be 

shown  that  (Maddocks : 1974 , chap.  2,  Eqs.  (2-9,2-23)) 


*Ttr  cr,  \l'ix\  _ _2awft,  h/.m 
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time  derivative  of 


■ 


where  T-  t-  r/c  sretarded  time,  and  Vg  ~ 
vi(t).  The  first  term  in  Eq.  (26)  is  the  boresight  radiation 
due  to  the  front  aperture  only,  which  involves  the  time-derivative 
of  the  excitation  waveform.  This  is  typical  of  boresight  aperture 
radiation  in  the  time  domain,  when  the  aperture  is  excited  such 
that  all  points  have  the  same  value  simultaneously  (Martins  1973: 
Eq.  95,  Handelsman  1972:96).  The  second  term  in  Eq . (26)  is  an 
approximately  derivative-like  radiation  due  to  the  two  side  aper- 
tures (the  approximation  involved  is  discussed  below)  in  the 
boresight  direction.  The  third  and  last  term  is  the  "backward" 

t 

radiation  (in  the  boresight  direction  of  the  reflected  —V  trav- 
eling waves  in  the  two  side  apertures. 

To  show  the  approximation  to  a time-derivative  of  the 
second  term  in  Eq.  (26),  put 

( 2 7 A ) 
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t a e n 


v,  ctVv).- it- 
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V;  ITW;  CT-Atf) 


At 


^7B) 
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For  sufficiently  small  values  of  the  aperture  angular  width  2&  . 
the  quantity  may  be  treated  as  differentially  small.  For 

example,  for  the  8"  TEH  burn  (Martins  1973:127), 
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Comparing  this  value  to  the  500  psec..  pulse  width,  it  is  seen 
that  is  not  quite  small  enough  to  be  treated  as  a differ- 

ential. Thus  for  the  8"  horn,  the  second  term  in  Eq.  (26)  is 
more  accurately  treated  as  the  difference  between  two  functions 
displaced  in  time.  However,  for  smaller  aperture  uns,  the 
differential  approximation  would  become  increasingly  accurate. 
It  is  useful  here  to  retain  the  derivative  approximation,  with 
the  understanding  that  this  is  a very  rough  approximation,  so 
as  to  be  able  to  compare  the  first  and  second  terms  in  Eq.  (5) 
on  the  same  basis.  Then  Eq.  (273)  becomes 


vuVwct-  1‘OtosM',  ~ r«.  u'r  t\ 

— — — ’ 1 1 

l-  &c  C 
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and  the  second  term  in  Eq.  (26)  becomes 

v*.  c c 


( 27P  ) 
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Finally,  in  the  third  term  in  Eq.  (26)  let 
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V'Vt^s^o  ^ 2.  i r*. 

Substituting  Eqs.  ( 2 5 D , 27D , 2 7E ) into  Eq . (26),  there 


is  obtained 
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it  is  seen  that  the  second  term  (side  aperture  radiation)  acts 
to  reduce  the  first  term  (front  aperture  radiation)  by  (approxi- 
mately) a factor  of  two.  Comb ining  these  terms  results  in 

-f^p~  ^kci-  (T- 


(28B) 


In  Haddocks  (l9?4:Kq.  (2-26),  appears  in  place  of  a in  the 

first  term,  and  A in  place  of  in  the  second  term. 

In  the  aperture  approach,  it  it*.  possible  to  identify 
the  separate  contribution  of  the  various  aperture::,  a::  done  nbov< 
The  front  - aperture  contribution  (first  t<*rm  of  f.q . (23A))  differ:, 
from  tho  result  in  Kart  inn  (1973:103),  which  is 


- J&teLayli' 
T «cr 


(27) 
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by  the  factor  (1+R2)  = 1+0.7  = 1.7.  The  side-aperture  contri- 
bution (second  term  in  Eq.  ( 2 8 A ) ) » which  is  not  treated  quan- 
titatively in  Martins  (1973:43,74),  turns  out  to  be  approxi- 
mately one-half  that  of  the  front  aperture,  but  of  opposite  sign. 
When  this  is  taken  into  account,  as  in  Eq.  (28B),  the  derivative- 
like field  (first  term  in  Eq.  (28B))  is  less  than  the  result  in 
Martins  (1973:108  or  Eq.  (29)  above)  by  the  factor  2(1+R2)=3.4. 

It  is  worthwhile  to  note  at  this  point  some  differences 
and  similarities  between  aperture  and  dipole  radiation  (Appendix 
A,  Eqs . (A-6,  A-15)).  The  front  aperture  is  excited  essentially 
simultaneously,  with  the  result  that  its  boresight  radiation  is 
a derivative  of  the  excitation.  Both  the  side  apertures  and 
dipoles  radiate  in  similar  fashion  as  they  are  both  excited  by 
traveling  waves.  They  both  radiate  replicas  of  the  excitation 
in  directions  broadside  (normal)  to  their  length,  and  derivatives 
of  the  excitation  in  directions  parallel  to  their  length. 

2.5.3  CURRENT-SHEET  APPROACH 

This  approach  is  based  upon  the  standard  vector  poten- 
tial A formulation  (Jordan  and  Balmain  1968:315),  using  the 
current  sheets  J amps/m  which  flow  on  the  metal- conductor  wedges 
of  the  TEM  horn.  This  current  model  is  consistent  with  the 
traveling-wave  TEM  field  model  discussed  in  Section  2.2.  If  H 
is  tne  TEM  magnetic  field  at  any  point  at  the  surface  of  the 
wedges  in  the  horn,  then  the  linear  current  density  at  that 
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point  is  given  by  (Jordan  and  Balmain  1968:108) 

3 = M * vi 

Thus  J is  a TEM-mode  current  distribution  consisting  of  an  inci- 
dent and  a reflected  wave.  The  H field,  and  therefore  the 
currents  J on  the  outer  surfaces  of  tne  wedges  and  any  higher 
non-TEM  modes  are  neglected,  consistent  with  the  assumptions 
discussed  for  the  TEM-fields  aperture  model  in  Section  2.2. 

The  geometrical  model  of  the  TEM  horn  in  this  current 
sheet  approach  is  a section  of  a biconical  antenna  (Maddecks 
1974:  chap.  3 and  Fig.  3.1).  This  was  found  to  be  strongly 
necessary  to  render  practicable  the  analytic  integration  over 
the  current -s hee t surfaces  required  to  calculate  the  radiation 
fields.  Such  integrations  are  enormously  simplified  when  the 
surfaces  to  be  integrated  over  are  constant-coordinate  surfaces. 
Thus  in  the  aperture- fie  Ids  model,  these  constant-coordinate 
surfaces  are  the  front  aperture  (a  spherical  sector  at  r=ra)  and 
the  two  side  apertures  (at  constant  angles  i , respectively). 
In  the  current-sheet  model,  the  constant  surfaces  are  the  two 
metal  conductors,  which  in  the  biconical  TEM  horn,  are  surfaces 
of  constant  angle  ©o  and  Tt— Q0  respectively  (Haddocks  1974: 
Fig.  3.1). 

For  small  E -plane  flare,  the  hi  coni  cal -sect  ion  TEM 
horn  differs  only  slightly  in  geometry  from  the  Sperry  Rand  horn 
or  the  8-inch  BD  and  M horn,  which  facilitates  comparison. 
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For  small-aperture,  small  E-plane  flare  biconical- 
section  TEH  horns,  it  has  been  shown  by  Maddocks  (1974:Eq. 

(2-26))  that  the  approximate  equation  for  the  equatorial 
(azimuth)  plane  radiation  reduces,  for  the  boresight  direction, 
to  a result  which  is  identical  to  Eq.  (28B)  above,  obtained 
using  the  aperture  model.  Hence  there  is  no  need  to  repeat  this 
equation  here  or  to  discuss  it  further.  The  same  ha.,  been  shown 
for  the  backfire  radiation  field.  In  other  directions  in  the 
equatorial  plane,  a comparison  between  the  calculated  radiated 
fields  obtained  from  the  two  models  (aperture-field  model  and 
current -sheet  model)  of  the  TEM  horn  is  given  by  Maddocks  (1974: 
Sections  2 . 4 , 3 . 3 ) . 

It  is,  of  course,  possible  to  compare  the  radiated 
fields  due  to  tne  two  models  in  any  direction  by  digital  computer 
calculation.  This  has  not  been  done  for  the  following  reason: 

The  aperture-fields  model  was  solved  first  and  programmed  for 
numerical  calculation.  The  current-sheet  model  was  solved  later, 
and  in  view  of  the  agreement  of  the  approximate  analytical  expres- 
sions between  the  two  models  in  the  boresight  and  backfire  direc- 
tions, it  was  not  considered  worthwhile  to  expend  the  consider- 
able time  required  to  pregram  the  current -sheet  model  equations 
solely  for  further  numerical  comparison. 

2.S.4  V-DIPOLE  APPROACH 

It  is  intuitively  obvious  that  a sufficiently  small 
TEH  horn  can  be  approximated  as  a V-dipcle.  The  smaller  the  E- 
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and  H-plane  flares,  and  consequently  the  smaller  (narrower)  the 
width  of  the  conductor  wedges  compared  to  the  excitation  wave- 
form's characteristic  times,  the  better  this  approximation  should 
be.  It  is  shown  below,  using  the  results  for  dipole  radiation 
given  in  Appendix  A,  that  this  approach  does  indeed  lead,  with 
comparative  simplicity,  directly  to  the  same  results  for  the 
boresight  radiation  as  given  by  Eq.  (28B),  obtained  by  both  the 
aperture-field  and  the  current-sheet  models. 

From  Appendix  A,  Eq.  ( A — 6 ) , for  a dipole  whose  geo- 
metry is.  shown  in  Fig.  5,  matched  at  its  input  ( k o = 0 ) as  is  the 
case  for  the  TEM  horn,  the  radiation  from  one  wire,  say  the  upper1 
wire  (u.w.),  is  given  by  the  following  equation: 
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where  : 


= incident  current-  wave  on  t-he  dipole 
a - h = dipole  wire  length 

Q = angle  measured  from  dipole  wire  direction 
ke  = current  reflection  coefficient  at  ends  = -kv 


- 45  - 


(a)  Straight  symmet-  (b)  V-dipole  side  view 

rical  dipole 


FIG.  5 Dipoles. 


T iuectto* 


»1  UstswiAi, 


FIG.  S Boresight  radiation,  V-dipole  upper  arm 


, is  the 


The  first  bracketed  term  in  Eq . (31),  designated  as 
radiation  due  to  the  forward-traveling  wave  on  the  dipole's 
upper  wire.  The  second  bracketed  term,  designated  , is  the 

radiation  due  to  the  reflected  wave.  There  are  no  further  re- 
flected waves  as  the  dipole  (TEM  Horn)  is  assumed  matched  at  the 
input. 

The  boresight  direction  of  the  V-dipole  is  the  + X- 
axis,  which  corresponds  to  a value  of  0 given  by  (see  Fig.  5(b)) 


bocrsight 


(32) 


For  horns  with  small  E-plane  flare,  which  is  the  case  here, 
is  sufficiently  small  so  that  the  quantity 

~ Cl- Mo'S  (33) 

C» 


may  be  treated  as  a differential.  Thus  for  the  BD  and  M 8-inch 
horn  (Martins  1973:12?)  using  ^ = 7 3/8  inches  = 0.186  m.,  it 
follows  that 


£>  t ~ (\-0 2,5  PS4V. 

A 3*10® 


- 47  - 


Hence  is  differentially  small  compared  to  a 500  psec.  pulse 

width.  From  a physical  viewpoint,  = the  travel-time  differ- 

ence in  the  +X-axis  direction  between  radiation  leaving  the 
dipole  wire  at  the  V-apex  (input)  and  that  leaving  its  end,  as 
illustrated  in  Fig.  6. 

Using  the  identity 

Hrfosa  _ Sv<v& 

51  A&  ~ [-cobQ 


and  Eqs (32,33),  the  u.w.  becomes 
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(34) 


Since  the  dipole  is  matched  at  its  input,  the  incident-wave 
voltage  and  current  are  related  by 

I;  m - -4ii£L;i.'  - _dL_  (35) 

£0  ^ 

where  ZQ  is  the  dipole  (TEH  horn)  and  also  the  input  transmission 
line  characteristic  impedance  = 50  ohms.  Hence  L‘q . (34)  becomes 
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where  f is  a correction  factor  less  than  unity  which  depends  upon 
the  (b/a'>  ratio.  As  a specific  example,  for  the  8-inch  BD  and  M 
horn,  b/a  = 0.164,  ZQ  = 50  ohms,  and  f = 50/(0.164x377)  = 0.81. 
For  smaller  b/a  ratios,  the  f factor  approaches  unity,  as  can  be 
seen  from  the  wave  of  ZQ  vs.  b/a  in  Martins  (1973:41).  Exami- 
nation of  this  curve  shows  that  the  slope  at  the  origin  as  the 
ratio  (b/a)  approaches  aero,  where  f=i,  is 
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Hence  it  is  a reasonable  and  useful  approximation  for  suffi- 
ciently small  TEM  horns  to  put 
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r* 
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( 37 C ) 


Alternatively  Eq.  (37C)  is  another  way  of  saying  that 
the  horn  dimensions  are  sufficiently  small  so  that  their  corre- 
sponding travel-times  are  significantly  less  than  the  exciting 
waveform's  characteristic  times.  In  particular,  the  width  of  the 
8-inch  horn  varies  from  about  1 to  8 inches,  with  a mean  value 
4 inches  Z 340  psec.  which  is  not  small  compared  to  the  500  psec. 
null-to-nuil  pulse  width.  In  the  dipole  approximation  to  the 
horn,  the  actual  varying  width  is  modeled  as  a thin,  constant- 
width  wire.  The  effect  of  the  actual  width  is  to  "blur"  or 
"smear"  out  the  details  of  the  radiation  waveform  based  upon  a 
dipole  model.  From  the  impedance  viewpoint,  use  of  the  approxi- 
mation of  Eq.  (37C)  for  the  8-inch  TEM  horn  is  not  so  bad  ( f = 0 . 8 1 
instead  of  1.0);  the  resultant  simplification  in  the  analytic 
results  is  worthwhile. 

From  Eqs.  (3t>,37C), 
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wire  of  the  V-dipolo  contributed 
the  entire  dipole 
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It  is  seen  that  Eq.  (37E)  is  exactly  the  same  as  the  first  term 
in  Eq.  (28B)  above  due  to  the  forward-traveling  wave,  obtained 
during  the  aperture-field  approach.  It  now  will  be  shown  that 
the  radiation  term  (second  bracketed  term  in  Eq.  (31))  for 

the  entire  V-dipole  is  identical  to  the  second  and  remaining 
term  in  Eq . ( 2 8B ) . 

The  u.w.  6^  term  in  Eq.  (31),  using  Eqs.  (32,33,35), 

becomes 
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and  Eq.  (37C), 
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Hen.ce  Eq . (38A)  becomes 
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The  lower  wire  of  the  V-dipole  contributes  an  equal  amount,  lead- 
ing to  the  following  total  E*  field: 


= -VvA. 
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The  complete  noresight  field  for  the  V-dipole  is  the 
sum  of  Eqs.  (37E,38E),  given  by 
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( 39) 


In  the  dipole  approximation  to  the  TEM  horn,  the  horn  size  must 
be  sufficiently  small  so  that  the  aperture  width  2a  and  azimuth 
angle  are  small,  at  least  to  first  order.  It  then  follows 


that  the  quantity 


in  Eq.  (28B)  is  small  to  second 


order,  i.e.,  it  is  differentially  small  compared  to  the  excitation 
waveform's  characteristic  times.  Then  both  this  quantity  and 


~ Eq.  (39)  are  differentially  small,  and 


both  may  be  neglected  in  the  arguments  of  the  second  terms  of 
Eqs.  (288)  and  (39),  respectively.  Then  the  V-dipole  radiation 
equation  of  En  . (39)  becomes  identical  to  the  aperture- fields 
radiation  equation  given  by  Eq.  (28D),  in  the  small  TEH  horn 
case . 
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Equation  (39)  will  now  be  interpreted.  The  first 


term  is  the  derivative  of  the  excitation,  and  is  due  to  the  for- 
ward-traveling wave  on  the  dipole  (horn).  The  second  term,  due 
to  the  reflected  wave,  (first  term  in  the  brackets)  is  a nega- 
tive replica  of  the  excitation  waveform,  slightly  displaced  in 
time  by  , which  is  very  small  compared  to  the  pulse  length, 

and  with  an  amplitude  approximately  1/8  that  of  the  first  term, 
in  the  case  of  the  BD  and  M 8"  horn,  as  shown  below.  Thus  the 
second  term  acts  to  decrease  the  positive  swing  and  to  increase 
the  negative  swing  of  the  derivative  term  by  a factor  of  about 
1/8.  The  radiation  then  goes  to  zero  until  time  T = 2 rR/c, 
which  occurs  when  the  traveling  wave  returns  to  the  apex.  At 
this  time  the  third  term  (second  term  in  brackets)  produces  a 
positive  replica  of  the  excitation,  reduced  in  amplitude  by  1/8. 
Examination  of  the  theoretical  computer-calculated  curve  for  the 
boresight  radiation  of  the  8"  horn  obtained  by  Haddocks  (197**: 
Fig.  2.7)  shows  precisely  tills  behavior.  It  is  considered 
remarkable  that  the  simple  V-dipole  model  can  obtain  results  so 
similar  to  the  mere  complicated  aperture-field  model. 

The  ratio  of  amplitudes  of  the  two  types  of  terms  in 

E } . (39)  is 


ratlo  - 

ZXitc  ^&\ti 


fcv  c Vt- 


(hO) 


- 53  - 


For  the  8"  TEM  horn,  this  ratio  is  7.8,  using  K&,  " 7 3^8 

kv  R2  » 0.7,  Vi  = 384  volts,  and  maximum  V.'  = 

1.67X1012  volt/sec  (Martins  1973:139).  In  terms  of  absolute 
values,  the  quantity  (r^®)  corresponding  to  the  first  term  in 
Eq.  (39)  is 

1 
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This  agrees  well  with  the  amplitude  of  the  first  peak  of  the 
computer-calculated  theoretical  curve  for  the  8"  TEH  he  'n  in 
Fig.  2.7  of  Haddocks  (1974),  whose  value  4.1xl0"2  corresponds  to 

_ 4.t*uJ2*  CS.£,2^)*C'}8<.V-  88.5  -toWs 

& 


The  first  multiplier  (5.62)  is  the  f ( d,  P ) factor  discussed  m 
Haddocks  (1974,  chap.  2),  and  the  second  multiplier  (384)  is 
necessary  to  convert  from  the  uni ty-ampii tude  pulse  of  Haddocks 
( 1974  ) to  the  384  volt-amplitude  pulse  of  Martins  (19/3).  Ti.e 
value  7.8  of  the  ratio  as  given  by  Eq.  (90)  above  also  agrees 
wvil  with  that  read  off  from  Fig.  2.7  of  Haddocks  (1974)  which 
is,  approximately,  4. 1/0. 5 = 8.2. 

2 , h COMPARISON  OF  THEORY  WITH  EX  Rah*  Mnh  » 

2.6.1  COMPARISONS  USING  MOBMAbXSiD  CORVEE 

Comparison  between  theory  and  experiment  f*>r  Tt.H  horns 

i»  given  by  Haddocks  (1974  ..  He  compares  curves  of  ( <*  ) vs. 

tir-e  for  three  different  Sperry-Hand  horns,  ft  r various  astmutha 


- S4  - 


(H-plane)  angles,  against  experimental  data  obtained  by  Susman 
and  Lamensdorf  (1970:42-44).  These  comparison  curves  appear  in 
Haddocks  ( 1974,  Figs.  2 . 3,2 . 4 ,2 . 5) . In  general,  the  agreement 
can  be  seen  to  b«  reasonably  good.  For  further  discussion  see 
Haddocks  (1974,  Section  2.4).  The  curves  necessarily  are  pre- 
sented normalized  to  equal  peak  values  as  the  experimental  data 
is  given  in  relative,  not  absolute  values. 

Haddocks  3lso  compares  curves  of  (yE^)  vs.  time  for 
the  8"  8D  and  M TCM  horn,  for  three  azimuthal  angles,  against 
experimental  data  obtained  by  Martins  ( 1973  , Figs.  55a  ,b  ,c  ,114c) 
These  comparison  curves  appear  in  Haddocks  (1974,  Figs.  2. 7, 2. 8, 
2.9^  . The  theoretical  vs.  experimental  curves  for  the  boresight 
direction,  =0°,  (Haddocks  1974  , Fig.  2.7)  are  normalized  to 
the  sam*-  peak  value.  The  next  two  sets  of  curves  for  azimuth 
directions  <^  = 50°,  100°  (Haddocks  1974  , Figs.  2. 8, 2. 9)  are  each 
drawn  with  the  same  relative  scale  factor  as  established  for  the 


two  curves  in  the  $ =0°  case.  The  agreement  can  be  seen  to  be 


reasonably  good.  For  further  discussion  of  tneso  curves,  see 
Haddocks  (1974,  S e e 1 1 o n 2.6). 

The  theoretical  curves  were  not  compared  on  an  abso- 
lute basis  against  the  available  a'  solute  experimental  data 
(Martins  1973)  because,  as  of  the  time  of  this  report,  there 
exist  a number  of  unresolved  questions  concerning  the  calibratios 
and/or  s<s  If -cons  i st  ency  of  this  experimental  -data.  This  ; s 
discussed  i ft  Sect  lot.  2 . b . 2 be  1 ok  . 
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2.6.2  DISCUSSION  OF  PREDICTED  VS.  MEASURED  RESULTS  OBTAINED  BY 
MARTINS  (1973) 

The  experimental  program  reported  in  Martins  (1973) 
measured  the  radiation  fields  of  a number  of  primary  feed 
antennas,  with  and  without  reflectors,  in  l oth  transmit  and 
receive  modes,  using  various  sensor  antennas  (Martins  1973:144). 
The  sensors  were  calibrated  essentially  by  the  measured  radiation 
from  the  base  of  a long  monopole /dipole  antenna  (Martins  1973: 
125),  of  which  one  part  consists  of  the  extended  center  conductor 
of  a coaxial  cable,  tapered  out  over  a 0.075”  transition  to  a 
3/8”  diameter  rod  50"  long,  and  the  other  part  consists  of  the 
3/8"  diameter  solid  aluminum  sheath,  approximately  10;  long. 

The  absolute  scale  of  this  set  of  measurements  was  established 
by  an  equation  for  the  radiation  from  the  base  of  this  monopole/ 
dipole  feed,  given  by  Martins  (1973,  Eq.  (94)).  As  shown  in 
Appendix  A,  Section  7,  this  equation  is  derived  for  a center-fed 
balanced  dipole.  This  poses  an  obvicus  question  concerning  th 
equivalence  between  the  actual  monopole/dipole  used  in  the  experi- 
mental program,  and  a balanced  dipole. 

A second  question  (or  rather  a set  of  inter-related 
questions)  is  pointed  out  by  Martins  (1973)  in  his  Tables  10,11, 
and  12.  Table  10  compares  predicted  and  measured  transmit  and 
receive  crest  amplitudes  for  six  different  feeds  on  boresight  at 
a range  .of  25  feet.  The  six  feeds  include  the  long  monopole/ 
dipole,  constant-impedance  3”  and  3"  TEM  horns,  a variable-impe- 
dance horn,  a bicone,  and  a bow  tie  antenna.  Agreement  between 
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measured  and  predicted  values  for  all  six  feeds  in  the  transmit 
mode  is  very  good.  The  predicted  values  are  based  upon  the 
theoretical  development  in  Martins  (1973).  For  example,  for  the 
8"  TEM  horn,  the  Martins  (1973,  Eq.  (95))  result  given  in  Eq. 
(23D)  is  used.  However,  for  three  of  the  feeds  in  the  receive 
mode,  differences  between  predicted  and  measured  values  are 
noted  by  Martins  (1973:181,182,205)  being  as  large  as  3:1  for 
the  3"  TEM  horn  and  4:1  for  the  8"  TEM  horn  and  for  the  bicone. 
The  predicted  values  in  the  receive  mode  for  each  feed  are  based 
upon  use  of  the  reciprocity  theorem  together  with  the  transmit 
mode  transfer  functions  derived  for  that  feed  (Martins  1973: 
]76,13l).  In  addition  to  the  above  discrepancies  as  reported 
by  Martins,  another  problem  is  posed  because,  as  discussed  ir: 
Section  2.4,  Martins'  transmit  Eq.  (23D)  for  the  8"  TEM  horn  is 
thought  to  be  too  large  by  a factor  of  3.4.  This  implies  that 
problems  also  exist  in  the  transmit  mode  comparisons,-  for  which 
the  reported  agreement  is  good.  Finally,  Tables  11  and  12  in 
Martins  ( 1973  ) concern  various  feed  and  reflector'  combinations. 
Since  the  same  types  of  problems  carry  ever  into  these  antenna 
combinations,  there  appears  to  be  no  point  in  repeating  the  above 
discussion . 

Became  of  the  lack  of  self-consistency  between  pre- 
dicted and  measured  results  in  the  Martins  (1973)  report,  it  was 
not  deemed  advisable  to  use  the  Martins  experimental  data  on  an 
absolute  b a s i 3 in  t h i report. 
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CHAPTER  3 


TRANSIENT  RADIATION  FROM  A PARABOLOID 
3.1  INTRODUCTION 

This  chapter  is  intended  to  serve  principally  as  an 
introduction  to  the  characteristics  of  the  transient  radiation 
of  a paraboloidal  antenna.  A much  more  complete  and  detailed 
time-domain  analysis,  using  the  Chernousov  formulation,  is  given 
by  Maddocks  (1974)  for  the  radiation  fields  in  any  direction. 

Maddocks  (1974)  also  presents  digital-computer  calcu- 
lation and  graphs  for  the  radiation  time-waveforms  in  a number  of 
specific  directions,  including  the  boresight  direction.  The 
paraboloidal  reflector-feed  coordinate  systems  are  shown  in 
Haddocks  (1974,  Figs.  4. 1,4. 2).  The  analysis  by  Maddocks  (1974) 
includes  two  types  of  feeds.  The  first  is  a hypothetical  point 
source  feed,  with  an  isotropic  radiation  pattern,  at  least  over 
the  solid  angle  subtended  by  the  paraboloid.  The  second  feed  is 
the  ii D and  M 8-inch  TEM  horn.  For  this  second  feed,  Maddocks 
(1974,  Fig.  5.7)  compares  the  theoretical  graph  of  E vs.  time 
with  an  available  experimental  curve  presented  by  Martins  (1973: 
235)  for  the  48-inch  diameter  paraboloidal  reflector.  The  agree- 
ment between  the  shapes  of  the  two  curves  is  quite  good,  both 
curves  being  normalized  to  the  same  maximum  value. 

The  first  type  of  feed  described  above  is  important 
as  it  produces  an  almost-uni form  TEM  field  excitation  (illumina- 
tion) over  the  exit  aperture  of  the  48-inch  reflector.  The 
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closeness  of  the  approximation  to  uniformity  is  discussed  later 
in  this  chapter.  The  uniform  illumination  case  is  important,  as 
it  permits  derivation  of  a simple  equation  for  the  boresight 
radiation,  which  is  useful  for  the  reasons  given  in  Section  2.4. 
As  shown  below,  an  equation  for  the  boresight  radiation  in  this 
case  can  be  calculated  in  a simple,  closed  form,  with  relative 
ease  using  only  c iroe-domai n techniques  (almost  a "back-of-the- 
envelcpe"  type  of  calculation).  This  result  agrees  with  an 
equation  given  by  Martins  (1973:109)  without  proof,  but  pre- 
sumably using  the  method  embodied  in  Eq.  (23A)  above.  This, 
also,  is  discussed  in  mo'e  detail  below. 

By  contrast,  for  non-uniform  illumination,  the  equa- 
tions for  the  radiation  fields  are  of  a complexity  such  that, 
even  for  the  restricted  case  of  the  boresight  direction,  it  has 
not'  been  possible  to  date  (Maddocks  1974  , chap.  5)  to  obtain  a 
simple,  closed-form  expression.  Thus  the  fields,  of  necessity, 
must  be  calculated  by  digital-computer  evaluation  of  equations 
involving  various  integrals  which  depend  upon  the  feed  pattern 
and  the  ref lector- feed  geometry. 

3.2  ASSUMPTIONS 

The  radiation  fields  of  the  paraboloid  reflector  arc 
calculated  using  the  Ci.ernousov  formulation  assuming  that'  only 
the  fields  over  the  exit  aperture  of  the  reflector  are  noti-sero. 
All  other  fields  and  edge  effects  are  neglected.  The  reflector 
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is  assumed  to  be  perfectly  conducting,  and  in  the  far  field  of 
the  feed.  The  feed  is  assumed  to  be  effectively  a point  source 
at  the  focus.  The  commonly-used  geometrical-optics  approximation 
is  assumed,  which  results  in  a one-to-one  correspondence  between 
the  fields  at  the  reflector  surface  at  which  plane-wave  boundary 
conditions  are  invoked,  and  the  fields  over  the  exit  aperture. 

The  theory  underlying  this  approach  is  given  in  Silver  (.1949  , 
Sections  4.4-4.6,12.2,12.3).  The  reflector/feed  geometry  as 
given  in  Haddocks  (1974,  Fig.  4.1)  follows  closely,  but  not 
exactly,  the  geometry  used  by  Silver  (1949:416),  and  is  repeated 
here  for  convenience  in  Fig.  7. 

3.3  EXIT-APERTURE  EXCITATION  PRODUCED  BY  AN  ISOTROPIC  PRIMARY 
FEED 

The  field  intensity  due  to  an  isotropic  primary  feed 
at  origin  0,  which  is  the  focal  point  of  the  paraboloid,  varies 
inversely  as  the  distance^  from  0 to  the  point  P on  the  para- 
boloid surface.  The  point  P on  the  exit  aperture  which  corros- 

I t 

ponds  to  point  P , is  the  projection  of  P on  the  exit  aperture, 
as  shown  in  Pig.  7.  To  find  the  aperture  field,  following  Silver 
(1949:419),  it  is  noted  that  all  the  reflected  rays  P P are 
parallel.  Hence  the  fields  remain  constant  in  magnitude  along 
the  reflected  rays.  The  field  E at  point  F(  ^ ) in  the  aperture 

is  then  the  same  as  the  field  E at  point  V { J*  t V»  > on  the  re- 
fiector,  except  for  the  time  retardation  PP/C  due  to  the  path- 
length  distance  from  P * to  i‘ . 
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The  E field  at  any  point  P ( %Py  $ y ) on  the  reflector 
varies  as  UP  for  an  isotropic  source  feed.  There  is  no  varia- 
tion with  angle  (M).  There  is  a spatial  variation  with  dis- 
tance as  'IS  - This  may  be  seen  from  Silver  (1949:418,  Eqs. 
(6,7)),  in  which  is  a constant.  Then  the  E field  at 

the  corresponding  point  P(V"^  ) also  varies  as  1/ J*  . Thus  an 

isotropic  primary  feed  produces  a field  over  the  exit  aperture 
of  the  paraboloid  whose  amplitude  has  a taper  governed  by  the 
'IP  variation.  The  maximum  value  of  this  taper  is  the  ratio 
of  the  maximum  value  of  oF-O  to  the  value  of  j3  at 

the  reflector  edge.  For  the  48-inch  BD  and  M paraboloidal  re- 
flector (Martins  1973:136),  D = 48"  and  f = 20.16".  From  Silver 
( 1949 : 4 1 5 , 4 16 ) : 


avc  <3i<\ 


P/2< 

1+  (D/4-hz 


r 61  33 


3>0  = f 5ecz  ( 5/21-27.3"  cub 

Hence  the  amplitude  taper  is  27.3/20.16  = l.ja,  or  the  power 
taper  i ::  2 . 6 oh ; the  field  at  the  edges  of  the  paraboloid  being 


2.0  db  down  from  that  at  the  center.  This  taper  is  not  far 
from  uniform,  being  much  less  than  the  usual  taper;?  of  10  d 
more,  common  in  many  systems. 
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It  will  be  convenient,  for  the  reasons  previously 
explained,  to  assume  that  a constant  amplitude  field  exists 


across  the  exit  aperture  (defined  as  uniform  amplitude  excita- 
tion or  illumination),  as  generated  by  a TEM  wave.  For  the 
same  excitation  E field  at  the  center  of  the  aperture,  the 
actual  tapered  illumination  produces  a smaller  radiated  bore- 
sight  field  than  the  uniform  illumination.  The  radiated  bore- 
sight  field  depends  directly  upon  the  product  of  the  aperture 
area  and  the  time  derivative  of  the  exciting  waveform  as  shown 
below.  By  dividing  the  area  of  the  circular  exit  aperture  into 
a number  of  equal  subareas,  it  is  then  simple  to  show,  using 
numerical  integration,  that  the  boresight  field  due  to  the  hypo- 
thetical uniform  excitation  is  larger  than  that  due  to  the  actual 
tapered  excitation  by  a factor  of  approximately  1.12  for  the  hB 
inch  reflector  discussed  above.  This  result  is  used  later. 

In  a paraboloid/primary  feed  system,  all  path  lengths 
from  the  focus  0 to  the  exit  aperture  are  equal,  i.e., 

<**2) 
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of  the  aperture  excitation  is  the  same  that  produced  by  a planar 
TEM  wave.  The  paraboloid  transforms  the  spherical  wave  from  the 
feed  into  this  planar  wave  over  the  exit  aperture. 


The  spatial  and  temporal  characteristics  of  the  excita- 
tion fields  over  the  exit  aperture  have  now  been  shown  to  be 
closely  correspondent  to  those  produced  by  a planar  TEM  wave. 

It  now  remains  to  discuss  the  polarization  characteristics  of 
the  aperture  fields,  and  the  correspondence  to  a linearly  polar- 


ized planar  TEM  wave.  For  a linearly  polarized  primary  feed,  or 
equivalently,  the  ft  -polarized  source  field  of  Maddocks  (1974, 
chap.  4),  the  resultant  aperture  field  has  both  principal  and 
cross-polarized  polarization  components  as  shown  in  Silver 
(1949,  Fig.  12.2).  The  principal  component  (shown  vertical  or 
in  the  E-plane  direction  in  Silver),  which  is  parallel  to  the 
principal  E-piane  of  the  feed,  is  all  in  the  same  direction  over 
the  aperture,  and  significantly  large;,  in  magnitude  than  the 
cross-polarized  component  (shown  horizontal  e~  in  the  H-plane 
direction  in  Silver),  especially  over  the  central  sections  of 
the  aperture.  In  addition,  the  cross-polarized  components  are 
not  in  the  same  direction  at  various  points  in  the  aperture, 
being  anti-symmetrical  with  respect  to  the  principal  planes  or 


the  fcoresight  direction.  As  a result,  in  the  principal  planes 
(and  therefore  also  in  the  bores ight  direction),  it  is  pointed 
out  by  Silver  (1944,-422)  that  the  field  is  linearly  polarized 
ir.  the  direction  determined  essentially  by  the  principal  polar- 


ization component  of  the  aperture  field.  Hence  * for  practical 
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purposes,  in  calculating  the  radiated  boresight  field,  it  is  a 
good  assumption  to  use  an  aperture  field  that  is  linearly  polar- 
ized, exactly  the  same  as  that  produced  by  a linearly  polarized 
planar,  TEM  wave. 

In  summary,  it  has  been  shown  that  the  exit-aperture 
excitation  produced  by  a primary  feed  which  is  isotropic  in  all 
directions,  or  at  least  isotropic  over  the  solid  angle  subtended 
by  the  reflector,  may  be  approximated  by  a planar  TEM  wave  with 
regard  to  amplitude,  temporal  and  polarization  characteristics. 
The  actual  excitation  amplitude  is  tapered,  which  results  in  a 
boresight  field  less  than  that  produced  by  uniform  illumination 
by  a factor  of  approximately  1.12  for  the  BD  and  M 48  inch  re- 
flector. The  temporal  characteristics  of  the  excitation  are 
exactly  the  same  as  for  a planar  TEM  wave.  The  polarization 
characteristics  of  the  excitation,  as  far  as  the  radiation  in 
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3.4  PRINCIPAL-PLANE  RADIATION  FROM  A RECTANGULAR  APERTURE  WITH 


TEM-WAVE  EXCITATION 

Chernousov  (1965,  Eq . (16))  derives  an  equation  for 
the  transient  radiation  from  a planar  rectangular  aperture  of 
dimensions  a x b,  in  the  XY  plane,  radiating  in  the  Z direction. 
The  aperture  is  excited  so  that  the  field  at  any  point  in  the 
aperture  at  any  given  time  has  the  same  value.  The  aperture 
field  E-  is  polarized  in  the  Y direction,  and  is  in  the  -X 

direction. 

For  the  case  where  E ; , H •[  form  the  front  of  an  advanc- 
ing, free-space  TEM  wave  (a  Huvgens-type  source),  Chernousov 
derives  the  following  equation  for  the  radiation  pattern  in  a 
principal  plane  such  as  the  XY  plane: 
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From  Eq.  (43B)  is  it  seen  that  ^ is  the  travel-time 
difference  between  the  path  lengths  from  the  aperture  edges 
x = ±a/2  and  the  origin  O . Thus  the  radiation  in  the  XZ  plane 
is  the  difference  between  two  waves  which  appear  to  originate 
at  the  aperture  ends  x = ±a/2.  Each  wave  has  the  same  time 
waveform  as  the  exciting  TEM  wave,  but  has  different  delay  times 
dependent  upon  the  angle  fa  . For  a one-dimensional  antenna 
(linear  aperture),  an  equation  similar  to  Eq.  (43)  has  been 
derived  by  Cheng  (1964). 

For  sinusoidal  time  excitation  e^wt,  the  general  time- 
domain  result  Eq,  (43)  reduces  to  the  previously-derived  Eq. 

(17B)  as  will  now  be  shown.  Since  Eq.  (43)  is  based  upon  a 
rv  fl*'ct  ionless  TEM  wave  excitation,  then  kv  = 0.  Equation  ( 1 7 B ) 
is  based  upon  an  aperture  dimension  2a,  so  a must  be  replaced  by 


2 a in  E q . (43).  Use 
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Equation  (44C)  is  identical  to  Eq.  (17B)  with  kv  = 0.  The  minus 
sign  in  Eq.  (17B),  which  does  not  appear  in  Eq.  (44C)  is  due  to 
an  polarization  for  Eq.  (17B)  and  Ey£  for  C , . (43A).  This 

confirms  that  the  radiation  produced  by  e^wt  excitation  is  a 
special  case  of  the  general  Ti.ernousov  time-domain  Eq,  (43). 

3.5  BORES  I GHT  RADIATION  FROM  ANY  PLANAR  APERTURE  With  TEN-WAVE 
EXCITATION 


In  the 


b o re ;;  i g h t direction  Q s ? , t h e t«  r a c Rated 


quantity  in  Eq.  < 4 a A)  i ec  «>»<*•$  the  time  derivative  I!  ; of  the 
aperture  field,  and  t l-VOsb©)  is  replaced  by  two.  Thus  the 
bore :»  i gh t rad  i a t i on  f i«  l d magn  i t ude  i 


feo»r<?^bV 


hli 


2K  VC 


« «»  ' ; V-?  xfjA  V i •<  »:  I'J  V > -i  WM  i i U»t  n.  >1  j h v v U <1  ’ 

plate  .scattering)  therefore  depends  upon  tf 

*yre  (nr  plate?  ar.d  the  1 ime  derivative  of  the  «'*•’ 

- 68  - 


{ ^5  ) 

snitaticn  (or 

flat- 

area  A of  t h e 

a P e r - 

c e x ■ i “ : r.  r w a * 

* A i*  ..-q  “• 

* * \ v-  ■ 

Equation  (45)  is  valid  for  any  planar  area  A , independ- 


ent of  its  shape  or  contour,  excited  by  a uniform,  planar, 
linearly-polarized,  reflectionless  TEH  wave.  This  point  is 
made  by  Martin  (1973:94). 

For  a circular  aperture  of  diameter  D,  such  as  the 
exit  aperture  of  a paraboloid  of  revolution,  Eq.  (45)  becomes 


i 

s £ 


8 vc. 


( 46) 


Equation 
Eq.  (46) 


c ircular 


(46)  is  given  by  Martins  (1973:109).  Alternatively, 
follows  from  the  equation  for  the  radiation  field  of  a 
aperture,  with  e)wt  excitation,  which  is  (Silver  1949: 


194) 


E - J, footmen 


( 4 7 A ) 


For  boresight  6 = 6;  then  using  Eq . (13A)  uni 

lv«\  _ x 


( 4 7B  ) 


and  dropping  the  <t~  * factor,  Eq.  ( 47A ) reduces  to  Eq.  (‘*6) 


3.6  *A7;0  OF  FA.fe  I w TO  FR  l MAP-Y  FEET  hvRES  ICJIT  FIF.U-S 

3.6.1  InO  T?d-?;7  FEET  A I’ T HO  X I M AT  » C S TC  TEH  «0?)C 

When  a $>  rift  ary  feel  £ n to  ?xc;  '.<■  a s«>cor.  dnrv 

re  5 l«c*or,  a natural  treasure  of  the  gain  oh*aln«d  through  ns 
ti  f i }\  c sv<r » lector  q ;;  * h ^ r & t m c '■>  £ * h **  r o ir  **  ~ i $r  h t f i c i 4 ^ f * };  ^ 
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combination  (or  system)  to  that  of  the  feed  alone,  at  the  same 
range.  This  ratio  is  calculated  below  for  the  system  consisting 
of  the  BD  ai.d  M 48"  paraboloid  and  the  8"  TEM  horn  (Martins  1973  , 
figs.  32b, 33b).  The  intent  is  to  obtain  this  ratio  using  simple 
approximations,  and  to  check  it  against  the  more  exact  computer- 
calculated  results  of  Maddocks  (1974). 

By  an  isotropic  feed  in  this  instance  is  meant  a feed 
with  zero  angular  variation  in  gain  at  leas+  over  the  solid 
angle  subtended  by  the  reflector.  As  a rough  first  approximation, 
it  will  be  assumed  that  the  8"  TEM  horn  can  be  modeled  as  such 
a feed.  The  tapered  illumination  actually  produced  in  the  para- 
boloid's exit  aperture  by  tne  . horn  is  treated  in  detail  by 

Haddocks  (1974,  Section  5.4), 

The  peak  amplitude  boresig’nt  field  produced  ry  the 
horn  is  given  by  Eq.  (28B): 


2 TCCe 


( 4 8 A ) 


The  excitation  time  waveform  will  be  the  BD  and  M "standard 
impulse"  shape  (Martins  1973:139,140),  for  which 

\te4'  (48B) 


vhere  = 384  volts  and  ^ = 2.4  x 10^  sec  2 . It  then  follows 
that  (Martins  1973:140) 
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( 48D ) 


when  the  horn  is  the  primary  feed,  the  field  at  the  center  of 
the  paraboloid  aperture  Eap  is  given  by  Eq.  (48A),  with  r re- 
placed by  focal  length  f: 


_ aVi 
21Tfc 


( 49A ) 


The  field  elsewhere  in  the  aperture  then  varies  as  US  as 
described  in  Section  3.3,  under  the  approximation  of  an  iso- 
tropic feed.  The  paraboloid  boresight  field  Ep  is  then  given 
by  Eq . (4b),  modified  by  the  1.12  factor  derived  in  Section  3.3 
Hence 


Z / a /( 

E - -1  Pgtf-  l P aV; 

e ua  gtc  “ uz  gfc.  z-ptc. 


( 49B ) 


Note  the  second  time-derivative  nature  of  this  field.  The  first 
differentiation  occurs  at  the  aperture  of  the  horn,  and  the 
second  at  the  aperture  of  the  reflector. 

The  ratio  of  paraboloid  to  hern  boresight  fields  is, 
from  Eqs . (48A,4SB), 
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Substituting  numerical  values,  f = 20.16",  D = 48",  and  ,\h  as  given  by 


Eqs.  (48C,48D) , then 


e* 


(50B) 


The  above  value  is  now  compared  with  that  obtained  from  the  computer-calcu- 
lated curves  in  Maddocks  (1974).  Reading  from  his  curves  in  Figs.  2.7  and 

-2  -1 

5.5,  respectively,  rE^  = 4.1  x 10  volts  and  rE  = 4.8  x 10  volts, 


so  t.iat 

— ^ .A: , - H.7  (500 

E*  4.1  *uT*  ~ 

computer 

Equations  (50B)  and  (50C)  agree  to  within  5 percent. 

Thus,  the  relatively  simple,  closed-form  expression  Eq.  (50A) 

yields  a very  good  approximation  to  the  computer-calculated  value.  This  is 

made  possible  by  the  approximation  of  the  horn  feed  as  an  isotropic  source. 

This  is  not  the  case  for  the  actual  horn,  as  discussed  in  section  3.6.2  below. 

A cross-check  is  afforded  by  comparing  E^  and  E^  calculated 

separately  from  approximate  equations  (48A,49B)  with  the  values  calculated 

by  digital  computer  from  the  complete  equation  (Maddocks  1974,  Figs.  2.7, 

5.5).  The  curves  in  these  figures  are  for  unit  amplitude  pulse  and  unity 

horn  illumination  function.  For  the  BDM  pulse  (\h-384)  and  8"  horn  (f (d^  0 ) 

= 5.62),  multiply  the  curve  values  by  384  x 5.62  = 2158.1.  Substituting 

/ i_2 

numerical  values  a = 4"  = 0.1016  m. , V\  = 1.62  x 10  , D = 48"  = 1.219  m. , 
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f = 20.16"  = 0.512  m. , and  = 1.84  x 10  into  Eqs.  (48A,49B)  results  in 
rE^  = 87.3  volts,  and  rE^  = 1072.6  volts.  These  compare  very  well  with  the 
values  read  from  Figs.  2.7  and  5.5  in  Maddocks  (1974):  rE^  = 4.1  x 10-^ 
x 2158.1  = 88.5  and  rE^  = 0.48  x 2158.1  = 1035.9,  respectively.  The  ratio 
= 1072.6/87.3  = 12.3,  as  before  (Eq.  50B). 

3.6.2  ACTUAL  8-INCH  TEM  HORN  FEED 

For  the  actual  8"  TEM  horn  feed,  no  "simple"  approximate  model 
of  its  fields  over  the  paraboloid's  exit  aperture  has  been  found.  Maddocks 
(1974,  Section  5.2)  has  solved  the  problem  of  modeling  the  horn's  field  by 
expressing  this  field  in  terms  of  an  empirical  equation,  containing  five 
constants  adjusted  to  fit  the  horn's  radiation  patterns.  The  resultant 
boresight  radiation  waveform  of  the  paraboloid/ feed  system,  which  requires 
computer  calculation  of  many  integral  expressions,  is  shewn  in  Maddocks 
(1974,  Fig.  5.7).  The  wave  is  clearly  the  negative  of  the  second  time- 
derivative  of  the  exciting  waveform.  The  negative  sign  occurs  due  to  the 
reversal  of  the  E field  upon  reflection  from  the  surface  of  the  paraboloid. 

Note  that  the  peak  value  of  rE^  in  Fig.  5.7  of  Maddocks  (1974) 
using  the  actual  horn  feed  is  approximately  2.75  x 10_1  volts  as  compared 
to  4.8  x 10-1  volts  in  Fig.  5.5,  using  the  simplified  isotropic  model  of 
the  horn.  This  decrease  is  most  reasonable,  as  the  illumination  due  to  the 
actual  horn  is  more  heavily  tapered.  In  addition  to  the  boresight  radiation 
waveform  using  the  actual  horn,  Maddocks  (1974,  Figs.  5. 8, 5. 9)  presents 
curves  for  rE^  at  =0°  and  rE^  at  ^ = 90°,  with  © as  a parameter. 


3.7  COMPARISON  OF  THEORY  WITH  EXPERIMENT 


Conpai-Isoi i betvreen  theory  and  experiment  for  the  48"  paraboloidal 
reflector  with  the  8"  TIM  horn  feed  is  given  by  Maddocks  (1974  , Fig,  5.7). 

He  compares  the  theoretically  computed  curve  of  rE  vs.  time  for  the  bore* 
sight  direction,  with  the  experimental  curve  given  in  Martins  (1973:235), 
over  a time  slot  which  spans  the  principal,  second-derivative,  part  of  the 
waveform.  The  curves  are  presented  normalized  to  the  came  peak  value; 
absolute  values  are  not  used  for  the  experimental  carves  for  the  reasons 
discussed  in  Section  2.6.2.  The  norrsalized  curves  are  in  reasonably  good 
agreement.  Comparisons  for  directions  ether  than  foresight  are  not  possible 
due  to  a lack  of  available  experimental  data.  Experimental  data  for  the 
paraboloid  system  in  directions  other  than  boras ighf  wou_lC  be  highly  useful. 


CHAPTER  4 


CONCLUSIONS  AND  RECOMMENDATIONS 


4.1  CONCLUSIONS 

4.1.1  APERTURE-FIELD  AND  CURRENT-SHEET  APPROACHES  TO  THE  TIM  HORN 

Two  principal  approaches  to  time-domain  radiation  from  the  TEM 
horn  have  been  developed,  both  based  upon  a transmission-line,  traveling 
TEM-mode  wave  mode^.  of  the  horn  with  TDR-measured  reflection  coefficients 
ar  the  front  aperture.  These  are  the  Chemousov  aperture -fie Id  formulation 
using  assumed  fields  in  the  front  and  side  apertures , and  the  classical 
vector  potential  formulation  using  a current  sheet  distribution  on  the 
wedge  conductors  consistent  with  the  TEM  traveling -wave  model.  A detailed 
analysis  and  equations  for  the  TEM  nom  rauiotion  at  all  angles , using  the 
above  two  approaches,  are  gj,  ;en  by  Haddocks  (14 11' , Eqs.  B-89  ,B-Qf) ,3-26  ,3-27) . 
It  is  conduced  that  these  two  approaches,  applied  to  the  TV,o-mode  trans- 
mission-line model  of  the  TEM  horn.,  art  self-consistent,  since  they  produce 
identical  approximate  closed-form  equations  for  the  radiation  ir  the  bore- 
sight  (and  also  the  backfire;  directions,  developed  < or  smalj. -aperture  hornt, 
by  Haddocks  (1974,  Ens,  ?-2t  ,6-2,3  36 ,a— 38) . Digital  ccv..putnr  calculations 
and  graphs  d the  theoretical  results  hosed  upon  the-  Chermousov  formulation 
compare  sufficiently  well,  on  a relative  basis,  wit;-,  experimental  data  for 
3 Sperry  Pand  horns  (Maddocks  1974,  Vigs.  2. 3,2.4 ,7.5)  an1  the  8"  BDM  horn 
(Maddocks  1974,  Figs,  2.7,2. 8,2.9)  to  justify  the  tentative  conclusion  that 
the  1TM  horn  model  and  the  theory  ot  its  radiation  <*re  sufficiesillv  rigorous 
for  first-order  engineering  applications.  Comparison  on  an  absolute  basis 
is  essential  to  finalize  this  conclusion,  hut  tins  was  found  not  to  be 
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possible  as  the  Sperry-Rand  data  is  on  a relative  basis,  and  it  was  evident 

it 

(Section  2.6.2)  that  there  were  unresolved  questions  concerning  the  absolute 
levels  of  the  BDM  data. 

4.1.2  V-DIPOLE  MODEL  OF  SMALL- APERTURE  HORN 

Tt  is  concluded  that  the  small-aperture  TEM  horn  can  also  be 
modeled  as  a V-dipole.  It  is  shown  (Section  2.5.4),  using  the  small-horn 
approximations,  that  the  equation  for  the  boresight  radiated  field  of  the 
V-dipole  is  identical  to  the  closed-form  expressions  obtained  by  Maddocks 
(1974)  described  in  the  paragraph  above. 

4.1.3  ASSUMPTIONS  UNDERLYING  TEM  HORN  MODEL 

The  use  of  the  field  equivalence  theorem  and  the  assumptions 
underlying  the  TFM-mode  model  of  the  TEM  horn  are  discussed  in  Section  2.2. 

It  is  concluded  that  it  might  be  theoretically  possible,  although  probablv 
most  difficult,  to  obtain  an  improved  understanding  of  the  time-domain  model 
of  the  TEM  horn  by  appropriate  use  of  an  available  exact  time -harmonic 
solution  for  the  radiation  from  the  open  end  of  an  infinitely-wide,  semi- 
infinitely-long  parallel  slate  guide,  with  an  incident  dominant  TEM  mode, 
based  upon  the  Wiener-Hopf  technique.  This  would  lead  to  a better  under- 
standing of  the  aperture  fields  and  the  aperture  reflection  coefficient, 
whose  value  is  presently  determinable  only  through  TDR-measurenent . 


Unless  otherwise  indicated,  such  references  refer  to  Vol.  1 of  this 
report. 
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4.1.4  TIM  HORN  RADIATION  FORMULA  BY  BDM 

In  their  report  BDM  acknowledge  that  thev  did  not  include  the 
radiation  from  the  two  side  apertures;  only  the  radiation  from  the  front 
aperture  is  calculated.  However,  an  analysis  (Sections  2. 3. 5, 2. 4)  of  the 
derivation  of  the  TEM  horn  radiation  by  BDM  leads  to  the  conclusion  that 
their  front  aperture  radiation  equation  itself  is  not  correct.  As  a result 
of  these  two  factors,  their  theoretical  magnitudes  and  angular  variations 
are  incorrect.  For  example,  their  calculated  boresight  field  for  the  8"  TIM 
hom  is  too  large  by  a factor  of  approximately  3.4. 

4.1.5  PARABOLOID  ANTENNA  RADIATION 

The  time-domain  radiation  from  a paraboloid  is  calculated  from 
the  fields  in  the  exit  aperture  using  the  Chemousov  formulation.  The  exit 
aperture  fields  are  obtained  by  appropriate  transformations  fron  an  assumed 
spherical-wave,  point-type  source  feed  located  at  the  focus  of  the  paraboloid. 
The  angular  variation  of  the  radiation  field  of  the  feed,  over  the  aspect 
angle  subtended  by  the  paraboloid,  is  expressed  initially  in  general  non- 
isotropic form  (Maddocks  1974,  Eqs.  4-1  and  4.2).  The  resultant  equations 
for  the  time-domain  radiation  fields  of  a paraboloid  are  derived  by  Maddocks 
(1974,  Eqs.  C-92  and  C-93). 

For  the  instructive  case  (because  an  almost -uni form  TEM-wave 
excitation  is  produced  over  the  paraboloid  exit  aperture  as  shown  in  Section 
3.3)  where  the  angular  pattern  of  the  feed  is  isotropic  (gain  - 1)  or  at 
least  constant  over  the  solid  angle  subtended  by  the  paraboloid,  equations 
are  derived  for  the  radiated  bore sight  fields  (Maddocks  1974,  Eqs.  4-42  anct 
4-43).  The  time  history  waveform  of  the  boresight  field  is  computed  and 
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plotted  by  Maddocks  (1974,  Fig.  5.5)  for  the  BDM  48"  paraboloid  and  a 
gaussian  exciting  time  waveform  at  the  apex  of  the  horn.  It  is  concluded 
that  these  digital -computer  results  appear  to  be  correct  insofar  as  the 
radiated  waveform  is  concerned,  as  the  waveform  is  the  negative  second 
derivative  of  tne  exciting  waveform,  as  expected  from  approximate , closed- 
form  equations  (Martins  1973,  Eq.  83,  or  Section  3.6.1,  Eq.  49B).  The 
first  differentiation  is  at  the  exit  aperture  of  the  horn,  the  second  is 
at  the  exit  aperture  of  the  paraboloid,  and  the  negative  sign  arises  at  the 
reflection  frcm  the  paraboloid  surface.  Maddocks  (1974,  Fig.  5.6)  also 
computes  and  plots  the  radiated  field  waveform  in  several  directions  away 
from  boresight,  along  with  the  boresight  field  for  comparison.  Examination 
of  these  numerically-computed  waveforms  leads  to  the  conclusion  that  as  the 
angle  away  from  boresight  increases,  the  waveforms  change  from  the  negative 
second  time  derivative  to  delayed  replicas  of  the  fields  exciting  the  exit 
aperture.  It  is  concluded  that  this  computed  result  is  also  correct,  as  it 
is  predicted  by  Chemousov's  equation  for  TEM-wave  excitation  of  an  aperture 
(Section  3.4,  Eq.  43A). 

Consider  now  the  actual  case  of  the  BDM  48"  paraboloid  with  the 
8"  TEM  horn.  The  fields  produced  by  the  horn  over  the  paraboloid  exit 
aperture  were  numerically  computed  starting  with  the  horn  radiation  equations 
(Maddocks,  1974,  Eqs.  B-89,B-90).  The  resulting  field  waveforms,  for  unit 
gaussian  excitation  at  the  hom  apex,  in  the  azimuth  and  pclar  planes  of  the 
hom , are  shown  in  Figs.  5. 1-5. 4 incl.  in  Maddocks  (1974).  Next,  an  approxi- 
mate closed-form  equation  which  represents  the  hom  fields  over  the  exit 
aperture  was  determined  (Maddocks  1974,  Eq.  5-4).  This  equation  has  five 
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available  parameters  determinable  from  curves  such  as  Figs.  5.1  and  5.2. 

Using  this  characterizing  equation  for  the  fields  over  the  exit  aperture, 
the  paraboloid  radiation  tune  waveforms  can  then  be  computed  (Haddocks  1974, 
Eqs.  C-92  and  C-93).  The  Jesuits  are  plotted  in  Figs.  5. 7-5. 9 incl.  in 
Maddocks  (1974).  Figure  5.7  in  Maddocks  (1974)  shows  both  the  theoretically 
computed  and  the  experimentally  observed  (Martins  1973:235)  boresight  curves, 
normalized  to  the  same  peak  amplitude.  It  is  concluded  that  the  agreement 
is  reasonably  good.  Comparison  on  an  absolute  basis  is  not  feasible,  for 
the  reasons  given  in  Section  4.1.1  above.  It  is  seen  that  the  computed  peak 
paraboloid  boresight  field  using  the  8"  TUI  horn  (Maddocks  1974,  Fig.  5.7) 
is  smaller  in  magnitude  than  that  computed  using  an  isotropic  point  feed 
(Maddocks  1974,  Fig.  5.5).  It  is  concluded  that  this  is  quite  reasonable, 
as  the  illumination  produced  by  the  actual  hom  over  the  paraboloid  aperture 
is  more  heavily  tapered  than  that  produced  bv  an  isotropic  feed. 

4.1.6  RADIATION  FROM  TRANSIENTS  ON  LINEAR  DIPOLE  ANTENNAS 

Based  upon  the  theory  and  agreement  with  experiment  reported  in 
Appendix  A,  it  is  concluded  that  the  radiation  of  transients  from  a linear 
dipole  can  now  be  calculated  from  the  time-domain  equations  in  all  angular 
directions,  including  the  end-fire  direction.  It  is  also  shown  in  Appendix  A 
that  the  time  domain  equation  results  agree  with  a frequency-domain  approach 
bv  Martins  (1973)  for  a number  of  special  cases  in  angular  direction  and 
exciting  waveform.  In  Appendix  B an  additional  discussion  is  given  on  the 
state  of  the  art  concerning  tte  time-domain,  traveling-wave,  transmission- 
line model,  and  its  terminal  reflection  coefficients,  for  the  circuit 
response  and  transient  radiation  of  a dipole  antenna.  It  is  concluded  that 
further  study  would  be  valuable  in  this  area. 
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4.2  RECOMMENDATIONS 

(a)  An  obvious  recommendation  is  that  it  would  be  of  great  benefit 
to  study  the  means  whereby  the  considerable  body  of  experimental  data  in 
Martins  (1973)  could  be  put  on  a self -consistent  basis  with  the  theory. 

(b)  More  experimental  data  am  the  transient  radiation  of  paraboloids 
in  directions  other  than  boresight  is  recommended , especially  in  directions 
for  which  theoretical  results  have  been  established. 

(c)  More  theoretical  work  on  a model  for  the  TEJi  horn,  possibly  along 
the  approach  outlined  in  Sections  2.2  and  4.1.3  above,  is  recommended. 

(d)  Study  of  the  transmission- line  model  of  the  dipole  antenna  in  the 
time  domain,  to  establish  its  applicability  and  limitations,  as  discussed 
in  some  detail  in  Appendix  B,  is  strongly  recommended. 
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APPENDIX  A 


RADIATION  FROM  TRANSIENTS  ON  LINEAR  DIPOLE  ANTENNAS 

1.  INTRODUCTION 

There  are  a number  of  reasons  for  Appendix  A,  as 

follows : 

(a)  To  present  a more  complete  time-domain  equation  for  the 
radiation  due  to  transient  pulse  excitation  of  a symmetrical 
center- fed  linear  dipole  antenna  (or  a monopole  over  a ground 
plane)  than  given  previously  (Handelsman,  1372).  in  particular, 
a previously  discussed  ( handc  lsiran , 1972:70)  apparently  anoma- 
lous behaviour  of  the  fields  in  the  end-fire  directions  is  shown 
to  no  longer  exist. 

(b)  To  show  that  the  predicted  results  of  the  above  equation 
agree  quite  well  with  published  theoretical  data,  including 
angles  close  to  the  end-fire  direction. 

(c)  Special  cases  of  inteiest  such  as  broadside  and  end-fire 
radiation,  and  response  due  to  impulse,  step-function  and  ramp 
time  waveforms  are  treated  and  compared  with  a frequency-domain 
approach  (Martins  1973). 

(d)  The  radiation  of  a small  TEH  horn  can  be  calculated  approxi- 
matel>  by  treating  it  as  a V-dipole,  as  shewn  in  this  report. 
Hence  the  equation  for  the  radiation  from  a dipole  is  required. 

2.  DERIVATION  OF  RADIATION  EQUATION 

For  a current  wave  I(t~2/c)  traveling  in  the  *Z  direc- 
tion on  a linear  antenna,  the  radiation  fields  are  given  by 
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where : 


e 

%> 

c 


= «»o^ 

= \jMo/£o  = V2o  "W  oViois 

= = velocity  along  wire: 


(A- 2) 


See  Fig.  8 . Equation  (A-l)  is  based  upon  an  infinitexy  thin, 
perfectly  conducting  wire,  extending  to  infinity,  or  before  the 
leading  edge  of  the  current  waveform  has  reached  an  antenna  end 
at  Z=h,  or  other  discontinuity.  This  result  was  stated  by 
Mannebaok  (1323).  Schelkunoff  (1952:102;  also  1972)  showed  that 
this  eqjation  satisfied  Maxwell's  equations  exactly.  Ross 
(1966:142)  derived  the  equation  using  the  magnetic  vect  r poten- 
tial A.  Handelsraan  (1972:47)  using  ar.  approach  based  upon  radia 

tion  from  accelerating  charges,  derived  the  following  equation: 

. 


svne 

1-C066  VlK 


Iff- £•)-!(*- 


( A-  3 ) 


For  physical) y-real  non-infinite  slopes  for  I,  the  second  terra 

in  Eq . (A-3)  which  is  the  current  at  the  leading  edge  of  I,  at 

2-L,  is  sere,  as  long  as  I has  not  reached  the  antenna  ends 

Z*sh.  Thus  Eq.  (A-3)  reduced  to  Eq.  (A-l)  for|i£|4L  . However, 

when  the  traveling  current  wave  reaches  Z = ±h , it  is  necossary  to 

account  for  terminal  conditions  by  retaining  the  second  term  and 

introducing  t reflection  coefficient,  as  explained  below. 

If  there  is  no  reflected  wave  at  the  end,  due  to  a 

perfectly  absorbing  termination,  this  is  equivalent  to  starting 
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a current  -I  at  Z=h,  flowing  in  the  same  +Z  direction,  producing 
cancellation  of  current  along  the  wire  imagined  to  be  extended 
beyond  Z=h.  This  terminal  condition  is  treated  in  this  manner 
in  Manneback  (1923:294)  and  Schelkunoff  (1952:104).  Equation 
(A-3)  becomes,  for  this  case, 


H*  Ci-,-0  r 


4-tir 


m mm 

xft-£)  £$■*•«) 


(A-4) 


To  account  for  reflection  at  the  end,  it  is  necessary  to  add  an 
additional  current  wave  of  amplitude  keI  traveling  back  from  the 
end  in  the  -Z  direction  (Manneback  1923:294)  where  ke  is  a 
current  reflection  coefficient,  which  to  date  has  been  obtained 
only  through  measurements  (Ross  1966:31;  Martins  1973).  Intro- 
ducing a reflection  coefficient  kQ  at  Z=0,  the  radiation  equation 
becomes  the  following: 

(4nr si«e) ^ - (mom/x " X CT-to]  C« 

+ tee  tV-toSB)  [xCT-M-ItT-  a tyf  C-i 

■+  teete0  (a-Kbs©')  [i  (T-  ^ )-X  (T-  C+S 

t te|te.0-^[X(T-  t-2 

• etb.  \tfwe  - • * (A_5) 

C-i  S.».) 

+ tee  (.vwoo^  jl  (T-t^  - X CT-  ~ )]  t+Z 
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where : 


ke  = current  reflection  coefficient  at  ends  Z=±h 
kQ  = current  reflection  coefficient  at  input  Z=o,  viewed 
from  the  antenna 
T=t-r/c  = retarded  time  at  P 

tN  = 

tp  = A UVtc 

±Z  = waves  traveling  in  ±Z  directions 
u.w.  = upper  wire 
l.w.  = lower  wire 

The  various  terms  in  Eq.  ( A - 5 ) are  identified  as 

follows : 

S tl 

1 — term  = radiation  from  initial  +Z  traveling  wave,  u.w. 

2—  term  = radiation  from  1—  reflected  -Z  traveling  wave,  u.w. 

3—  terra  = radiation  from  2—  reflected  +Z  traveling  wave,  u.w. 

etc.  terra  = radiation  from  subsequent  i traveling  wave,  u.w. 
slii  terra  = radiation  from  initial  -Z  traveling  wave,  l.w. 

gill  terra  = radiation  from  1—  reflected  +2  traveling  wave,  l.w. 

etc.  term  = radiation  from  subsequent  iZ  traveling  wave,  l.w. 

Ail  the  lower  wire  equations  are  obtainable  from  the  upper 
wire  equations  by  replacing  cos  0 by  -cos  8 and  t,5  by  tp. 

The  derivation  of  Eq.  (A- 5)  assumes  negligible  atten- 
uation of  the  traveling  waves  during  each  passage  along  the 
wires  due  to  radiation  and  conductor  losses.  In  effect  the 
reflection  coefficients  and  kQ  not  only  account  for  the 
actual  terminal  reflections  but  also  serve  to  substitute  for 
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the  actual  continuous  attenuation  a series  of  discrete  attenuation  factors, 
introduced  at  the  reflection  points  Z=+h  and  7.-0. U 

The  time -domain  approach  used  to  derive  Dq.  (A-5)  may  also  1* 
applied  to  ncn-synrotrical  linear  antennas  (e.g. , Stekert  (1973),  but  this 
is  not  pursued  further  in  this  report. 


3.  SIMPLE  ILLUSTRATIVE  EXAMPLE  - A DIPOLE  WITH  MATCHED  ENDS 

As  a simple  example,  consider  a dipole  with  matched  ends,  as 
shown  in  Fig.  9.  Equation  (A-5,  for  ke=o  beoones 

= J±fea5L  itTVICT-^-0-<ca©^ 


t>in© 


rCTVX  CT  Ci^coao)) 


(A-7) 


Let  the  exciting  waveform  be  a rectangular  pulse  of  duration  T £ Vl/c 


seconds,  given  by 


nth 


act}-  uCt 


-T)l 


(A-8) 


where  is  the  unit  step  function.  For  siitplicitv,  consider  the 

radiation  at  (broadside  direction).  Then  tN5tp=h/c  and  Bq.  (A-8) 


becomes 


-A_ Fu. CTX- a'v-'r'.-uCT-^^ttCT-T- (A-9) 

Equation  (A-9)  is  shown  in  Fig.  10.  The  radiation  waveform  is  a pair  of 
pulses,  each  the  replica  of  the  exciting  waveform. 


Additional  discussion  on  reflection  coefficients  is  given  in 
Appendix  B. 
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DIPOLE  WITH  HATCHED  ENDS. 


(* | * 


PIG,  n TRAPES01IHL  PULSE  SHAPE  X£tl  . 

- SO  - 


4.  RADIATION  IN  END-FIRE  DIRECTIONS  0 =0°,  180° 

4.1  THEORY 

For  simplicity,  with  no  significant  loss  in  exposi- 
tion of  the  fundamental  results  concerning  radiation  in  the  end- 
fire  directions,  assume  that  the  dipole  antenna  is  matched  at 
its  input  (ko=0).  Then  Eq.  (A-6)  becomes 


r * 
r cr> - 1 (t- ) 
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( A- 10 ) 


In  the  end-fire  direction  8=0  » as  6 approaches  zero 
and  eos  6 approaches  unity,  t.>  becomes  differentially  small,  and 


we  can  write 

■fca  5 A e aT ; i?  - ^ AT 

Using 


U«a  ~ o (a-12) 

&-*o 
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Eq.  (A-10)  becomes 


Ea=  [ [x  «V»T-*rJ*  £t-  ^ )tl(T-  |^T)jj 

The  two  bracketed  terms  C 1 in  Eq.  (A-13)  are  each  the  differ- 
ence between  the  waveform  and  a delayed  replica  of  the  waveform, 
where  the  delay  AT  approaches  zero  as  0 approaches  zero.  It 
is  now  obvious  that  Eq.  (A-13)  can  be  written  in  the  derivative 
form 

c - % _4l  f . l.  i(r-^+*T)-r(T-|bi 

t&“  2tir  Swe[ Zt *• J 

(A-14) 

then  as  AT  approaches  zero. 


) [x'tT^ * *'<*■ 1- )] 


( A- 15 ) 


where 


x'cH 


(X)  - t:roR  derivative  of 
at  excitation  waveform 


AT 


J?-  temL  _ k Wf  \ 
c 3W$  c t*.; 


(A- IS) 


Thus  as  © varies  from  the  broadside  (0  =90°)  to  the 
end-fire  direction  (©  -0°) , the  radiation  waveform  changes  from 
replicas  of  the  excitation  to  the  time-derivative  of  the  excita- 
tion. further,  with  the  complete  radiation  equation  as  given 
by  Eq.  (&-S),  there  is  no  end-fire  Mi«tfin£ty  catastrophe"  as  0— # 
O*  (or  180°,  as  shown  below).  Instead,  as  shown  by  Eq.  (A-1S), 
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the  field  approaches  the  product  of  tan  ( 6/2  ),  which  approaches 

/ 

zero,  and  the  time  derivatives  I , which  in  the  actual  physical 
case  cannot  be  infinite.  Hence  the  end-fire  radiation  approaches 
zero,  as  expected.  Thus  the  infinity  paradox  discussed  in 
Handelsroan  (1972:70)  has  been  resolved.  The  apparent  paradox 
originally  a^ose  because  of  an  incomplete  mathematical  descrip- 
tion of  the  role  played  by  the  time-derivatives  of  the  traveling 
waveform  in  determining  the  end-fire  radiation. 

Q 

For  the  other  end-fire  direction  0"*  180  , then  cos© 
approaches  -1,  tp  becomes  differentially  small,  and  we  can  write 


-fcP=  ar'j 


(A-17) 


Using 


Jteae  _.Q 


( A- 18 ) 


Kq.  (A-10'  becomes  identical  to  Eq.  (A-14),  with  AT  replaced 


by  AT  . Using 


AT 

5^6 


c 3W©  C 


(A-I9) 


the  final  result  is 


E*  - XCTV^X 
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(JO 


' C*.  ' lA-20# 


thus,  as  e->i8o\  e#  also  approaches  sero. 


- 93  - 


4.2  COMPARISON  WITH  PUBLISHED  RESULTS 


In  Handelsman  (1972:63-69)  the  time-domain  equations 
were  compared  with  published  theoretical  results  for  a center- 
driven  cylindrical  antenna.  This  was  driven  by  a source  excita- 
tion pulse  with  approximately  a trapesoidal  shape,  of  base  width 
of  about  0.55  h/c,  a flat  top  of  about  0.26  h/c  and  a width  of 
about  0.38  h/c  at  the  50  percent  of  peak  amplitude  point 
(Palciauskas  1970)  shown  in  Fig.  11  . The  radiation  waveforms 
in  Palciauskas  (1970)  are  calculated  using  an  inverse  Fourier 
transform  of  the  response  to  sinusoidal  excitation  " . For 

the  non-end-fire  directions  8 = 90°,  70°,  60°,  and  4S°  the  agree 
ment  between  the  radiation  waveforms  as  predicted  by  the  rela- 
tively simple  time-domain  equations  and  the  more  exact  inverse 
Fourier  transform  method  has  been  shown  (Handelsman  1972:66-67) 
to  he  fairly  good  as  measured  by  the  number  of  pulses,  their 
amplitudes,  widths  and  positions.  For  this  purpose  the  trape- 
zoidal pulse  shape  was  approximated  by  a simple  rectangular 
pulse  of  width  0.4  h/c.  The  amplitude  was  normalised  to  1,55/2 
so  that  it®  s 90°  the  leading  peaks  of  both  sets  of  curves  have 
equal  iapUtudiii  C 2X(t^  « 2 * - l»S5  . s peak 

amplitude  of  first  pulse,  Palciauskas  ( 1770 : Fig  2). 

For  smaller  0 , it  is  necessary  to  use  the  actual 
pulse  shape,  as  the  time-derivative  of  ! , . ) now  determines  the 
end-fire  radiation  waveform.  This  derivative  is  obtained  from 
Fig.  11  as  follows: 


derwa'twp  % 

~ fKO  " ' V ' ^ ' r " IT  1 

Tife~  (.0.215-0.13)  & H/c 


( A-21) 


For  0r!  20*. 'tusi3L0-<o32O*^— 0*04 compared  to  a rise  time 
% 0.145  h/c,  so  the  use  of  derivatives  is  justified  only  to  * 
rough  first  approximation.  Within  the  spirit  of  this  appro*  na- 
tion,  from  Eqs.  (A-5,  A-15),  the  leading  terms  for  the  r - liatio.i 
^^(20°),  in  ^rtlvrt  units,  are  as  follows: 

4*r  ^ (2<^= 
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as  co  d to  the  published  value  of  1.7.  From  Eq.  (A-22),  using 

(Handelsraan  1972:64),  the  subsequent  major  peak  ampli- 
tudes are  -2.01,  -1.69  and  1.69,  as  compared  to  published  values 
of  -1.8,  -2.0  and  2.0  (as  well  as  can  be  read  off  curves).  Thus 
it  may  be  concluded  that  the  time-domain  equations  ( A — 5 ) give  a 
reasonably  accurate  description  of  the  radiation  at  all  angles, 
including  the  end-fire  directions. 


5.  SUMMATION  FORMULA  FOR  EQUATION  (A-6) 

Equation  (A-6)  may  be  written  in  compact  summation 
form  as  follows: 
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6.  ADDITIONAL  CASES  OF  INTEREST 
6.1  INTRODUCTION 

It  is  considei'ed  worthwhile  to  include  a discussion  of 
a number  of  special  cases  because  of  their  intrinsic  interest, 
and  also  to  show  agreement  with  results  obtained  by  Martins 
(1973)  using  a frequency-domain  approach. 
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To  convert  from  current  reflection  coefficients  k. 

o 

and  ke  as  used  in  this  report  to  vol:;ago  reflection  coefficients 
R^  and  R2  as  used  in  Martins  ( 1973  •.  ly , 20) , the  following  equations 
are  given: 

■=.  -lag--  _ W0  ( A-  2 5 ) 

R2=  _gg»A-2<,  _ ( A-26) 

where : 

^line  = inPut  transmission  line  characteristic 
impedance  = surge  impedance 
ZQ  = dipole  characteristic  (surge)  impedance 
zend  = dipole  effective  terminal  impedance  at 
ends  Z=±h. 

6.2  SPECIAL  CASE,  IMPULSE  EXCITATION  , j «*=  l 

Here  the  following  conditions  are  assumed: 

I { t ) = ^(t)  = impulse  current  excitation 

k0  = -«*  SUM  ( A-27 ) 

k0  «.R2  = -1 

The  assumption  1*2  = 1 implies  complete  reflection  at  the  ends  of 
the  dipole,  while  - - 1*?» I implies  that  Z0  ? Zj^ne»  which  is 

true  for  50  oho  line. 
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Equation  (A-24)  becomes 


(iSIM Ap  = S CT^  -O-\e,0  £ t-if'ie.r'x  ix-  ^ ) 

%,  J * 

- ft-OfUM"1  J IT-  ^-**0  (“-28' 
6 

c 

The  first  ten  terms  of  Eq.  (A-23),  in  time-sequence  are  as 
follows : 

^gTirawe^  _ 5(T^-ScT-b.a-«>an-3tT-^<rt&0®^ 

+ (H*«0  5 IT-  ^5 \+W  5 c T-  & C3-*e>©^ 

C*m 

+ VR»\SCT“iU3Vtoa©^-Vea 

- VR»la3  n-^l5-«*>©»-W.l*.3  IT-^tSWasV) 

•HI?|\aO-lCiOS  (T“  — ^ *•  • o o (A-29) 


Equation  (A-29)  is  plotted  in  fig.  12.  This  is  identical  to 
that  given  in  Martins  (1973;p.24,  Fig.  2),  taking  into  account 
the  following  apparently  typographical  errors  in  Fig.  2 in 
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Martins:  should  = -"VP||  , the  lolil  pulse  should  be  .H  <:T/h 

= 6 and  of  magnitude  . 

G . 3 SPECIAL  CASE,  IMPULSE  EXCITATION,  R1=0,  R2=l 

Here  the  following  conditions  are  assumed: 

I(t)  = S (t)  = impulse  current  excitation 
k0  = -Ri  = 0 
ke  = -R2  = -1 

The  assumption  R-|_  = 0 implies  a matched  input  (a  match  between  the 
transmission  line  and  the  dipole  input  terminals),  while  R2  = l 
implies  complete  reflection  at  the  ends  of  the  dipole, 

Eq.  (A-24)  reduces  to 

( . il £22 £ ) - 5 Cft  - 5 LX-  ^ H-^aeY) 

(a-30) 


Equation  (A-30)  is  plotted  in  Fig.  13,  which  is  identical  to 
Martins  (1973:p.  26,  Fig.  3). 

6.4  GENERAL  EXCITATION,  BROADSIDE  DIRECTION  ( 6 =90°),  R^O 
(MATCHED  INPUT),  R/1 
6.W.1  INTRODUCTION 

It  greatly  simplifies  discussion  of  the  results  with- 
out too  much  loss  in  generality  to  assume 
k q a -R^  = C (matched  input) 

; (A-31) 

ke  = -R2  = -I  (complete  end  reflections) 

NV 
v' 

i;  . 

% 

v*. 
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FIG.  12  Radiation  of  impulse  excitation  , — l . 


FIG.  13  Radiation  of  impulse  excitation,  R^=G,  R2=l. 


6.4.2  GENERAL  RESULT 


In  the  direction  broadside  to  the  dipole,  e = 90°,  and 
using  Eq.  (A-31),  Eq.  (A-24)  reduces  to 

* r A^fitr>-zrCT-£)4iCT--$)  (A-32> 

2,r  [ £ J 


Thus  at  broadside,  the  time-waveform  pattern  consists  of  a 
delayed  replica  of  the  waveform  originating  at  origin  0,  followed 
by  an  inverted  (negative)  replica  of  double  amplitude  due  to 
reflection  at  the  two  ends  (assumed  complete),  and  finally  a 
third  replica  as  the  traveling  wave  returns  to  0,  at  time  2h/c 
later.  Because  R1=0  there  are  no  further  reflected  traveling 
waves  from  0.  If  R^ ^ 0 , then  additional  delayed  replicas  of  the 
exciting  waveform  I(t),  with  diminishing  amplitude,  are  radiated. 


6.4.3  SHORT  DIPOLE 


When  h/c  44  waveform  characteristic  risetime,  then 
Eq.  (A-32)  can  be  written  as  follows: 


UTV  21  tT-aT^t  CT-2&T' 
(AT? 


( A-33) 


where : 


& X 5 


s A. 
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For  h/c  sufficiently  small,  Eq.  (A-33)  may  be  replaced,  approxi- 
mately, by 


z\ »r 


(A-34) 


where  I"  is  the  second  time  derivative  of  the  excitation  waveform. 


6.5  RAMP  EXCITATION,  R1=0  (MATCHED  INPUT),  R2=l 
The  following  conditions  are  assumed: 

I(t)  = mtu(t)  = ramp  excitation  (A-35) 

k 0 = -R]_  = 0 (matched  input) 

ke  = -R2  = -1  (complete  end  reflection) 

The  ramp  function  given  by  Eq.  (A-35)  is  shown  in  Pig.  1**  . The 
function  u(t)  is  the  standard  step  function  defined  as  zero  for 
t<  0 and  as  unity  for  t>0.  The  slope  of  the  ramp  is  equal  to  m. 
From  the  general  Eq.  (A-24)  or  from  Eq.  (A-30),  replacing  5(t) 
by  I(t)  as  given  by  Eq.  (A-35), 


2 it  r-5*.«e 


Tu. CO  ~ (T-  - (.T-t^nd-tp) 

CD  © ® 

+ (J_  (A-36) 

Cffl  J 


The  four  component  waveforms  ©,©,@  and  © of  Eq.  (A-36)  are 
shown  in  Fig.  15  , together  with  their  sum  Eg  . 
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The  resultant  radiated  waveform  is  a trapezoid,  which  for  the 
special  case  of  the  broadside  direction  ( 0 =90°)  becomes  a 
triangle.  The  trapezoid  peak  amplitude  is  given  by 

peaVt  efl  - ^ . - "U  rM\  H ft-asst 

2TUSW©  " Slif  c.  Stnft 
••  pea's  ) (A-37, 

Fig.  15  and  Eq.  (A-37)  are  identical  to  Fig.  4 and  Eq.  (13), 
respectively,  in  Martins  (1973).  In  Eq.  (13)  in  Martins  (1973), 
I0(J2/v)  = IQ(h/c)  = mh/c. 

6.6  PULSE  EXCITATION,  Rx=0  (MATCHED  INPUT),  R2  = 1 

The  excitation  waveform  is  given  by  Eq.  (A-8)  , and  is 
shown  in  Fig.  16  . It  is  a rectangular  pulse  of  amplitude  A and 
duration  T . There  are  two  cases  of  special  interest: 

(a)  duration  ttL  Wfc. 

(b)  duration  <t»H|C 
These  two  eases  are  discussed  below. 

6.6.1  PULSE  DURATION  T 44  ANTENNA  TRIP  TIME  h/c 

This  is  the  case  of  a long  dipole.  In  the  broadside 
direction,  © s90°,  and  using  Eq.  (A-32),  there  is  obtained 
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Equation  (A-30)  is  shown  plotted  in  Fig.  17  , which  agrees  with 

Stekert  (1973:Fig.  2c). 

6.6.2  PULSE  DURATION  ANTENNA  TRIP  TIME  h/c 

This  is  the  case  of  a short  dipole.  In  the  broadside 
direction,©  =90°,  Eq.  ( A— 3 8 ) still  holds,  of  course,  but  now 
h/c  LL* t . The  resultant  radiation  is  plotted  in  Fig.  18  along 
with  the  component  waveforms.  Fig.  18  agrees  with  Stekert  (1973 
Fig.  2b).  The  double  differentiation,  characteristic  of  shert 
dipole  radiation  is  evident  (see  Section  6.4.3  above).  The 
first  differentiation  of  the  pulse  produces  a pair  of  impulses 
separated  in  time  by  . The  second  differentiation  produces  a 
pair  of  doublets,  also  separated  in  time  by  T , as  shown  (approxi- 
mately) by  the  waveform  in  Fig.  18  • 

7.  BROADSIDE  RADIATION  FIELD  IN  TERMS  OF  INCIDENT  IMPULSE 
VOLTAGE 

A useful  equation  for  E^  in  the  broadside  direction, 
non-matehed  input,  for  o£t£h/c,  appears  in  Martins  (1973; 
p.  108,  Eq.  (94)).  This  is  the  radiation  produced  by  the  travel- 
ing waveform  on  the  dipole  before  it  has  reached  the  ends  Z=±h 
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(long  dipole),.  This  equation  is 


- ** 


( A- 39  ) 


In  Eq.  (A-39)»  Zc  = input  cable  characteristic  impedance 
(50  ohms),  Za  = antenna  input  terminal  impedance,  and  = 
amplitude  of  the  incident  voltage  produced  by  an  impulse  gener- 
ator, matched  to  the  cable  line,  which  travels  toward  the  input 
terminals  of  the  antenna. 

As  shown  below,  this  equation  can  be  derived  in  a 
relatively  simple  fashion  from  the  time-domain  results  presented 
in  this  appendix. 

The  transmission  line  circuit  is  shown  in  Fig.  19 
The  impedances  are  assumed  to  be  real,  as  determine**  in  tests, 
according  to  Mar:ins  (1973:108).  The  voltage  at  the  antenna  is 
given  by 

v«». 


(A-40) 


wnere ; 


3 _ a 

* = voltage  reflection  coefficient  = — — — 

V*  • incident  voltage  wave  amplitude 
The  antenna  current  is 

tij\-  ^ HV,‘ 

- V - <*-«> 

From  Eq.  (A-6),  for  0 = 90°,  and  using  the  two  terms  involving 
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I(T)  only  (prior  to  the  first  reflections  from  the  ends),  there 
is  obtained 


APPENDIX  B 


ADDITIONAL  DISCUSSION  ON  TERMINAL  REFLECTION 
COEFFICIENTS  FOR  LINEAR  DIPOLE  ANTENNA 


1.  INTRODUCTION 

1.1  PURPOSE 

The  use  of  terminal  current  reflection  coefficients  k (at  the 

o 

input)  and  (at  the  dipole  ends  or  tips)  is  introduced  in  Appendix  A, 

Section  2.  The  purpose  of  this  Appendix  B is  to  review  briefly  some  of  the 
known  characteristics  of  these  reflection  coefficients,  theoretically  and 
experimentally,  and  to  point  out  some  areas  where  further  work  is  recommended. 
It  will  be  seen  that  a considerable  amount  is  known  about  kQ  but  compara- 
tively little  about  k . 

e 

1.2  GENERAL  "PHYSICAL"  DISCUSSION 

Consider  a short  pulse,  of  duration  T less  than  antenna  travel 
time  h/c,  incident  at  the  input  of  a linear  dipole  antenna  from  a transmission 
line.  The  antenna  conductor  resistance  is  assumed  to  be  negligible.  There 
results,  in  the  time  domain,  a reflected  pulse  back  into  the  line,  and  a 
transmitted  pulse  which  travels  along  the  antenna  at  essentially  the  speed 
of  light.  Thus  far  this  is  similar  to  a simple  transmission  line  problem 
involving  the  junction  of  two  lines.  However,  in  the  antenna  case,  during 
the  period  T of  pulse  incidence  at  the  input,  radiation  is  also  produced 
(King  and  Schmitt'  (1962),  Schmitt  et  al  (1966)).  Therefore  the  concept  of 
a reflection  coefficient  kQ,  unlike  the  simpler  case  of  the  transmission 
line  discontinuity,  must  in  some  manner  take  this  radiation  into  account. 
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The  energy  in  the  input  pulse  must  equal  the  sum  of  the  energies  in  the  re- 
flected and  the  transmitted  pulses  plus  the  energy  radiated  and  stored. 

It  is  stated  by  King  and  Schmitt  (1962:224),  that  only  the  imped- 
ance of  an  infinitely  long  antenna  can  be  involved  in  the  antenna  response 
during  the  interval  before  the  first  reflection  frcm  the  end  arrives  at  the 
input.  This  impedance  is  known  for  sinusoidal  steady-state  excitation,  and 
is  used  by  King  and  Schmitt  (1962)  to  formulate  an  average  reflection  co- 
efficient, as  explained  in  Section  2 below,  which  is  effective  in  the 
time  domain. 

During  the  interval  in  which  the  lagging  end  of  the  transmitted 
pulse  has  cleared  the  input  terminals,  but  the  leading  edge  has  not  yet 
reached  the  antenna  end,  there  is  essentially  no  far-field  radiation  from 
this  pulse  traveling  on  the  antenna,  independent  of  the  waveform  shape. 
Experimentally  this  appears  to  be  borne  out  by  measurements  (Schmitt  et  al 
(1966,  Fig.  5).  Discussion-wise  or  theoretically  this  is  predicted  or 
implied  by  many  sources,  for  example:  King  and  Schmitt  (1962:227), 
Schelkunoff  (1952,1972),  Manneback  (1923:299 ; see  discussion  by  Slepian 
concerning  a dispute  between  Steinmetz  and  Carson  on  the  existence  of  radia- 
tion from  a freely-traveling  wave),  Schmitt  et  al  (1966,  Fig.  4),  Martins 
(1973,  Fig,  2),  and  iiandelsnan  (1972).  The  assumption  that  the  antenna 
conductor  resistance  is  negligible  or  has  an  insignificant  effect  upon  the 
amplit  -de,  shape,  or  velocity  of  the  pulse,  makes  this  a "freely-traveling" 
pulse  in  Slepian* s terminology.  For  resistance-loaded  antennas  see  Liu  and 
Sengupta  (1974)  and  the  various  references  cited  therein. 
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When  the  leading  edge  of  the  traveling  pulse  reaches  the  antenna 
end,  radiation  is  again  produced  during  the  period  Y of  pulse  incidep.ce  at 
this  end  (King  and  Schmitt  (1962),  Schmitt  et  al  (1966)).  The  reflection 

i i 

i coefficient  k must  therefore  account  for  both  the  reflected  wave  and  the  | 

! e i 

■:  i 

radiation.  Thus  the  end  cannot  act  completely  in  the  sense  of  an  open  end  j 

of  a transmission  line  with  k =-l  (zero  terminal  current).  The  radiation 
! e 

must  decrease  the  incident  pulse  energy  through  decrease  of  pulse  amplitude, 
waveform  shape,  or  both.  Thus  a reflection  coefficient  k =-l  is  impossible 
if  radiation  is  to  occur,  as  this  implies  a reflected  pulse  identical  in  all 
respects  to  the  incident  pulse,  except  for  a change  in  sign.  Effective 
experimental  values  for  kg  can  be  deduced  from  pulsed  TDR  or  radiation 
measurements,  as  demonstrated  in  Section  4 below. 

2.  INPUT  REFLECTION  COEFFICIENT 

As  pointed  out  by  King  and  Schmitt  (1962:223),  the  initial  reflec- 
tion from  their  antenna  corresponds  to  a "predominantly"  resistive  termination, 
with  resistance  R > Rc,  where  R is  the  apparent  antenna  resistance  and  Rc  is 
the  characteristic  resistance  (50  ohms)  of  the  transmission  line.  Their 
antenna  was  a mcnopole  over  a ground  plane.  As  a specific  case,  for  a 

particular  diameter  (=2a)  antenna  of  length JQL  = 9 feet,  a pulse  with'?’  = 

-9  -9 

3 x 10  sec.  and  a rise  time  about  1 x 10  sec. , the  input  voltage  reflec- 
tion coefficient  r = 0.72,  as  measured  by  caparison  of  the  amplitude  of  the 
first  reflected  pulse,  with  the  line  terminated  by  the  antenna,  with  the 
amplitude  of  the  pulse  reflected  from  the  line  terminated  in  an  (pen  circuit* 
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In  the  words  of  King  and  Schmitt,  this  corresponds  "in  some  manner"  to  an 


input  impedance 


7-0  J±L-  s 1^.?  . a 3*7.1  oW* 
C - JO  i-o.na 


King  and  Schmitt  (1962)  show  that  this  value  is  reasonable  by  integrating 
the  input  impedance  Z(  U>)  of  an  infinitely  long  antenna,  for  which  a formula 
is  available  (due  to  Wu(1961-1)),  as  follows: 


I 

2 = — j 


Here  Z(u»)  is  the  average  impedance  over  the  range  of  frequencies  in  the 
pulse,  U3C  is  the  upper  angular  frequency  limit  of  the  pulse,  and  S(ft>)  is 
the  frequency  spectrum  of  the  pulse.  The  magnitude  of  the  reflection 
coefficient  is  then  defined  as 

I x\  = -3fa»V3c  (B 


In  the  evaluation  of  the  integral  in  Eq,  (B-2),  King  and  Schmitt  approximate 
S(U>)  = 1 over  the  frequency  range  0*u>£uj^. . An  alternative  formulation 
defines  the  average  reflection  coefficient  as  the  integrated  value  of  r (u> ) 
as  follows: 


Lp  •->!  I 

~ 2o)c 
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The  above  two  formulations  are  shown  by  King  and  Schmitt  (1962)  to  agree 
very  closely  when  plotted  against  the  variable  ( c/u^d.) , and  in  addition 
to  agree  with  experimental  values  of  r.  It  is  pointed  out  by  this  writer' 
that  the  alternative  formulation  of  Eq.  (B-4)  depends  only  upon  the  upper 
frequency  limit  of  the  pulse,  and  not  at  all  upon  the  detailed  structure 
within  the  pulse  spectrum  function  S(*o)  as  does  Eq.  (B-2).  In  practice 
however,  the  approximation  S((tf ) = 1 as  used  in  Eq.  (B-2)  also  ignores  the 
spectrum  detailed  structure,  so  the  two  formulations  in  effect  ignore  the 
same  thing.  It  would  seem  to  this  writer  that  the  shape  of  the  pulse  wave- 
form (in  time)  and  therefore  that  of  its  frequency  spectrum  should  enter  in 
some  manner  into  the  reflection  coefficient;  hence  the  formulation  of  Eq. 
(B-2)  is  preferable  from  this  viewpoint. 

In  any  case  it  can  be  concluded  that  in  a formal  mathematical 
sense,  the  above  frequency-domain  approach  to  the  input  reflection  coeffi- 
cient does  lead  to  results  that  were  experimentally  verified  in  the  time 
domain  for  the  waveforms  as  described.  However,  it  would  be  desirable  and 
probably  valuable  from  the  viewpoint  of  additional  engineering  insight,  if 
a time-domain  approach  or  solution  could  be  developed,  similar  to  the 
standard  traveling-wave  solutions  for  transients  on  transmission  lines 
(e.g. , Magnusson  (1970,  chaps.  2 >3,4,7)).  This  type  of  approach,  even  if 
it  led  to  only  approximate  results,  would  fit  in  more  naturally  with  the 
tajme-oorrain  fruveling-wave  solutions  already  developed  for  tlie  propagation 
and  radiation  of  transients  on  antennas  (e.g. , Appendix  A). 

An  exact  solution  is  available  for  the  transient  response  of  a 
linear  circular  tubular  dipole  antenna  to  a step-function  driving  voltage. 


valid  up  to  the  time  t < h/c,  which  is  the  time  that  the  discontinuity 
traveling  from  tne  input  reaches  the  ends  at  Z = +h.  This  solution  was 
given  by  Wu  (1961-2)  and  also  later  by  Morgan  (1962).  Both  solutions  were 
corrected  by  Wu  (1969,  347-351).  Wu  (1969:350)  points  out  that  his  final 
expression  for  I(Z,t),  which  is  the  current  on  the  antenna  as  a function  of 
position  along  the  antenna  and  time , is  already  quite  complicated , and  holds 
only  for  t 5 h/c.  He  states  that  in  principle  the  solution  for  I(Z,t)  for 
later  times  h/c  t £ 3h/c,  3h/c  t £ 5h/c,  etc. , should  be  attainable 
using  the  Wiener-Hopf  method,  but  this  has  not  been  done.  He  conments 
further  that  for  t > h/c  the  results  are  most  probably  too  complicated  to 
be  instructive. 

Concerning  the  above  solution  by  Wu  (1969),  approximations  and 
simplifications  are  needed  to  make  this  into  a more  widely-used  tool  for 
engineering  applications.  Wu  himself  points  out  that  his  solution,  even 
for  the  restricted  case  t £ h/c,  is  quite  complicated.  Since  Wu's  solution 
is  already  in  the  time  domain,  it  is  not  unreasonable  to  hope  that  this  may 
lend  itself  to  interpretations  and  tractable  approximations  in  the  form  of 
traveling  waves  along  the  antenna  suitable  for  engineering  uses.  Further, 
if  the  solutions  described  by  Wu  for  t 7 h/c  could  be  developed , and  in  turn, 
interpreted  in  terms  of  traveling  waves,  this  should  clarify  the  role  of  the 
antenna  end  which  is  reacted  by  the  transient  at  t=h/c. 

Boss  et  al  (1966,  Section  4.2)  derive  an  equation  for  the  driving 
point  (dp)  impulse  response  h^(t)  of  a dipole  of  infinite  length  by  an 
approximate  evaluation  of  the  inverse  Fourier  transform  of  the  equation  for 
the  driving  point  admittance  Y(U>)  derived  by  Wu  (1961-1).  From  this,  the 


dp  response  to  arbitrary  excitation  can  be  found  in  the  time  domain  by  the 
convolution  integral.  Ross  et  al  (1966:34)  show  that  the  approximation  to 
Y(o))  by  King  and  Schmitt  (1962)  invalidates  their  results  for  sufficiently 
narrow  pulses  on  antennas  with  reasonable  radii. 

3.  END  (OR  TIP)  REFLECTION  COEFFICIENT 

King  and  Schmitt  (1962:224)  remark  that  the  tip  of  the  antenna 
acts  in  the  sense  of  an  open  end  since  the  pulse  reflected  at  this  point 
is  in  phase  with  the  incident  pulse.  This  is  from  the  voltage  viewpoint; 
from  the  current  viewpoint  the  reflected  current  would  be  opposite  in  direc- 
tion to  that  of  the  incident  pulse. 

Foss  et  al  (1966)  model  the  finite  length  dipole  as  a TEM  line 
with  characteristic  impedance  determined  experimentally  and  the  end  replaced 
by  a simple  open  circuit.  Ross  (1967)  introduces  a radiating  cylindrical 
rod  elenent  which  is  tapered  to  a needle  point  at  its  end.  The  tapering, 
according  to  Ross,  assures  that  the  current  at  the  end  is  zero  (i.e. , it  is 
a perfect  open  circuit).  Ross  states  that  driving-point  measurements  indi- 
cate that  this  radiator  can  be  closely  approximated  by  an  open-circuited 
transmission  line. 

For  time-harmonic  excitation,  Shen  et  al  (1968)  derive  an 
expression  for  the  reflection  coefficient  at  the  end  of  a finite  length 
dipole  and  state  this  is  being  studied  for  possible  application  to  the 
calculation  of  the  transient  response  to  a short  pulse.  Their  analysis 
shows  the  antenna  acts  in  analogous  fashion  to  a transmission  line. 
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The  biconi  cal  antenna  has  received  considerable  attention. 

Martins  <1973:25)  uses  narrow-angle  cones  to  model  a dipole.  He  selects  R^ 
(end  voltage  reflection  coefficient)  = 1 in  a number  of  examples,  reasoning 
that  much  of  the  high  frequency  radiation  takes  place  at  the  input,  hence, 
by  the  time  the  wave  reaches  the  end,  the  radiation  impedance  is  large  and 
approaching  an  open  circuit  condition.  For  a wide-angle  bicone  feed  (67° 
half-angle)  with  flat  ends,  Martins  (1973:172)  reports  a TDR-measured  value 
of  R^  = 0.378.  Harrison  and  Williams  (1965:244)  in  a paper  on  transients  in 
wide-angle  conical  antennas  with  spherical -capped  ends,  support  a suggestion 
by  Prof.  T.  T.  Wu  that  pulse  radiation  occurs  from  the  antenna  as  the  pulse 
of  charge  passes  from  the  transmission  line  cnto  the  antenna,  and  again  as 
the  charge  turns  the  corner  from  the  cone  onto  the  spherical  cap  and  back 
again,  by  approximate  calculations  and  theoretical  curves  of  the  time  history 
of  the  radiated  field,  the  latter  derived  by  Fourier  transform  from  the  known 
response  to  time-harmonic  excitation.  This  is  similar  to  the  accelerating 
charge  concept  of  radiation  (Handelsman,  1972),  From  the  time-history  curves 
it  might  be  possible  to  deduce  effective  values  for  R^,  but  this  has  not  been 
pursued  further  by  this  writer.  For  tine-harmonic  excitation,  Jordan  and 
Balmain  (1968,  chap.  14)  summarize  Schelkunoff 's  model  of  the  bioone  antenna 
as  a uniform  transmission  line  with  an  appropriate  terminal  end  impedance, 
and  its  extension  to  the  dipole  as  a non-uniform  line  with  an  average 
characteristic  impedance. 

4.  APPROXIMATE  MODEL  OF  DIPOLE  ANTENNA  WITH  TDR-MEASURED  REFLECTION 
COEFFICIENTS 

The  circuit  response,  antenna  traveling  waves  amplitudes,  and  the 

radiation  from  a pulsed  dipole  can  be  calculated  very  approximately  from  a 
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highly  simplified  "back-of-the-envelope"  transmission-line  model  using  TDR- 
measiired  reflection  coefficients  at  the  input  and  the  ends  (Handelsman  197? , 
Section  4.3)  ana  Appendix  A of  this  report.  This  model  is  intended  lor'  I irat- 
order,  approximate  engineering  applications  with  simple  rectangular  pulse 
excitation.  This  model  is  described  briefly  below,  and  illustrated  by 
comparison  with  data  from  three  references.  For  simplicity,  only  the  radia- 
tion in  the  boresifht  direction  (8=90°)  is  considered.  A more  sophisticated 
model  involving  a dispersive  filter  at  the  input  and  a TEM  mode  line  repre- 
sentation of  the  antenna,  with  an  open  circuit  at  the  end,  has  been  developed 
by  Ross  et  al  (1966,  Section  4. 2. 2. 3). 

Each  half  of  the  dipole  is  considered  to  be  a lossless,  TEM-mode 
transmission  line  of  length  h.  The  voltage  reflection  coefficients  are 
at  the  input  and  at  the  ends.  Radiation  occurs  only  during  the  periods 
of  pulse  incidence  at  the  input  and  at  the  ends.  Radiation  losses  are 
assumed  to  be  accounted  for  through  the  measured  reflection  coefficients. 

The  antenna  is  driven  by  a transmission  line  with  real  character- 
istic impedance  Z ohms.  Let  the  amplitude  of  the  initial  wave  or  pulse 
incident  upon  the  antenna  input  be  Vq  volts.  A train  of  reflected  pulses 
is  observed  in  the  line,  separated  by  2h/c  sec. , with  successive  amplitudes 


Vl*  V V * Then 

d — v»  - 

Vo  " 2a* He 


(B-5) 


where  Z,  = effective  antenna  input  or  line  characteristic  impedance, 

Q 

taken  as  real.  Since  and  VQ  are  measured  by  TDR,  then  R,  and  Za  can  be 
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calculated.  The  amplitude  of  the  first  pulse  traveling  towards  Z=h  is 

\l?~  (B-6) 

The  first  pulse  reflected  from  Hie  end  at  Z=h  and  traveling  back  to  the 
antenna  input  at  Z=0  is 

\/f=R2Vl,r=:RaU+R.'>'4>  (B-7) 

At  Z=0,  this  pulse  gives  rise  to  two  pulses  as  follows: 

(1) A  reflected  pulse  which  travels  back  on  the  antenna  towards  Z=h, 
given  by 

Va+s-e.vf  s-R.R.cuR.N'fe  <E-8> 

(2)  A pulse  transmitted  into  the  line,  which  is  observed  as  V2>  given 
by 

R2ti-B,*Y>4>  <B-9) 

From  Eqs.  (B-5,  13-9),  R?  can  be  calculated.  This  allows  calculation  of  an 
effective  antenna  end  impedance  ZQ  taken  as  real,  from 

-fcfe 

Repeating  the  above  process,  there  is  obtained  the  following: 

Mb"  a RaV**  =-R,Ra  Cw-R.’S't,  - -R.R»Vf 

Vs'- s -Rv  Vj"  =,  CUB.')  V„  - - e.»iva'' 

V3  = Cv-R.'lVi'  = - R,  «a  Cl'R.^  = -8>Ri^ 

V3~=  R*  V = R?  «a3  OWhK.*  -R.«aVf 


(B-10) 

(D-D) 

(B-12) 

(B-13) 

(B-14) 
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V =-  = -R?  CKR.Vt,  = -R.R »V3+  <B-3H 

\i4  = Cv-R.'JVa  = Ci-O'O  =-RiRa^3  <B~16) 


• • • stc*  • 9 ■ • 

To  calculate  the  radiation,  assume  for  simplicity,  that  the 
excitation  can  be  approximated  by  a rectangular  pulse  of  duration  h/c 
sec.  Radiation  is  emitted  during  the  periods  of  incidence  at  Z=0,  ih  by 
the  traveling  current  waves.  These  current  waves  are  taken  as  pulses  of 
duration  T sec. , with  amplitudes  derived  from  the  voltages  v/  yv/~  of  the 
traveling  waves,  where  i=l,2  etc.,  given  by  Eqs.  (B-6,B-?,B-11,B-12,  etc.). 
Thus 


X 


c 


CB-17) 


The  radiation  ( 6=90°)  then  consists,  approximately,  of  a train  of  pulses  of 
duration  Of  sec. , spaced  h/c  sec.  apart,  with  normalized  successive  amplitudes 
as  follows  (Handelsnun  1972,  Section  3): 


e , ~ i j e3 = ■ - cwRa') } e„= 

«,«2. U , Es  = - R«  0'®^, 


• t * otic*  • • • 


Example  1.  King  and  Schmitt  (1962). 

The  antenna  is  a raonopole  over  a ground  plane.  For  unity  incident 
voltage  amplitude,  a train  of  reflected  pulses  is  observed  in  the  line,  with 
the  following  amplitudes  (read  from  Fig.  3 in  this  reference): 
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( ' 
i 

\J,=  0.12  ,\/4s0.3S1'^=-0.l<3)V,=  0.l  ! 

Then 

^ = V,  - o.tz 

R„~  — ! ! _ gj3£  - 0.-127  I 

**  l~Rva  Vo  V-  (0.12^  l 

From  Eqs.  (B-13,B-16)  it  follcws  that  the  calculated  values  for  V3  and  V4 
are  -0.183  and  0.096  respectively.  These  compare  very  well  with  the  observed 
values  -0.13  and  0.1,  respectively. 

It  is  informative  to  calculate  the  results  of  assuming  that  the 
end  is  a perfect  open  circuit,  i.e. , = 1.  Then  from  Eqs.  (B-9,B-13,B-16), 

the  calculated  values  are  V2  = 0.482,  V3  = -0.347,  V4  = 0.25,  which  compare 
unfavorably  with  the  observed  values.  Thus  the  model  with  = 0.72, 

R?  = 0.727  gives  much  better  agreement  with  observed  results  than  a model 
with  = 0.72  and  = 1 (arbitrarily). 

Example  2.  Foss  et  al  (1966,  pp,  60-81). 

The  antenna  is  a monopole  over  a ground  plane.  The  measured 
reflected  pulse  train  in  the  transmission  line  has  amplitudes  0.S8,  0.42, 

-0.12,  0.05,  etc.,  relative  to  unit  incident  excitation.  Following  the 
method  illustrated  in  Exasple  1,  there  is  obtained 

=o.5B,  o.G33 

\JZ=  -0.15  4r  * V*- o.o56 
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These  calculated  values  for  V^,  compare  well  with  the  measured  values 
>0.12  and  0.05,  respectively. 


Example  3.  Palciauskas  and  Beam  (1970). 

This  reference  derives  the  radiation  field  of  a center-driven 
dipole,  using  an  inverse  Fourier  transform  of  the  response  to  sinusoidal 
excitation.  The  excitation  is  a pulse  of  trapezoidal  shape.  The  radiation 
field  in  the  bonesight  direction  has  a waveform  with  recognizable  pulse 
peak  amplitudes,  spaced  h/c  sec.  apart,  with  the  following  values,  as  read 
from  a curve: 

e,=  v.s5Jea--2.'b)  e8=o.3s,e4.=ut2,e5=-oAs 

From  Eq.  (B-18),  the  reflection  coefficients  are  calculated  as  follows: 


R‘  = ^ cTsffci  - 


The  approximate  model  of  the  dipole  than  predicts,  from  Eq.  (B-18)  the 
following  values  for  and  E^: 

= -1*81 

e*  s-  r*  e>  = ■ 0,226 

These  approximate  values  are  to  be  compared  with  the  more  precisely  calculated 
values  E^  = 1.62  and  E^  = -0.15.  The  agreement  is  not  as  good  as  in  the 
previous  examples,  but  is  not  too  bad. 
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s.  smm  and  conclusions 

It  seems  reasonable  to  conclude  that  the  ooncept  of  an  input 
reflection  coefficient,  at  least  in  the  form  of  an  average  input  impedance 
or  average  coefficient  as  formulated  by  King  and  Schmitt  (1962)  is  a 
viable  one,  capable  of  further  development  and  application.  The  average 
impedance  formulation  can  take  into  account  the  particular  waveform  of  the 
transient  excitation  through  its  frequency  spectrum.  These  results  are 
limited  to  times  less  than  that  required  for  the  first  reflection  from  the 
end  to  arrive  back  at  the  input , being  based  upon  the  admittance  Y(«*> ) of 
an  infinitely  long  antenna  at  a single  frequency,  derived  by  Wu  (1961-1). 

Using  Wu’s  (1961-1)  equation  for  Y(w>),  Boss  et  al  (1966)  derive 
the  driving  point  (dp)  impulse  response  of  an  infinitely  long  diDole  by 
approximate  evaluation  of  the  inverse  Fourier  transform  of  Y(«»).  The  dp 
response  to  arbitrary  excitation  waveform  can  then  be  found  from  the 
convolution  integral.  Hence  this  approach  should  be  productive  in  further 
development  of  the  concept  of  an  input  (dp)  reflection  coefficient. 

An  exact  time-domain  solution  for  the  current  I(2,t)  as  a function 

n 

of  location  t along  the  antenna  and  time  t,  for  step-function  excitation, 
has  been  derived  by  Wu  Q969),  this  is  applicable  only  for  t >h/c,  i.e. , 
the  antenna  behaves  as  if  it  were  infinitely  long,  the  result  is  quite 
complicated,  to  use  Wu's  own  words.  However,  from  this  solution,  the  current 
distribution  for  arbitrary  excitation  can  be  obtained  by  a superposition 
integral  in  the  tics  domain.  Hence  it  is  obvious  that  this  exact  solution 
is  a prise  candidate  for  further  development,  approximation  and  diverse 
engineering  applications,  including  that  of  the  concept  of  the  input 
reflection  coefficient. 
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In  contrast  to  the  input  problem  of  the  dipole  for  which  at  least 
tw<  approximate  and  one  exact  time-domain  solutions  have  been  outlined  above, 
there  apparently  exists  no  comparable  time-domain  solution,  exact  or  even 
approximate  for  the  problem  of  the  antenna  end  and  its  related  reflection 
coefficient.  Wu  (1969)  states  that  in  principle,  his  analysis  for  t£L  h/c 
can  be  extended  to  later  times  such  as  h/c  4 t — 3h/c,  etc.  (so  that  the  end 
enters  into  the  problem,  at  least  implicitly)  but  this  has  not  been  carried 
out.  Wu  remarks  that  the  results  would  most  probably  be  too  complicated  to 
be  instructive. 

For  time-harmonic  excitation,  an  equation  derived  by  Shen  et  al 
(1968)  for  the  reflection  coefficient  at  the  end  of  a finite  length  dipole, 
and  Schelkunoff ' s approximate  model  of  a dipole  are  available.  Such  solu- 
tions, through  use  of  the  Fourier  transform  and  the  digital  computer,  afford 
numerical  time-domain  results,  which  can  be  used  to  test  theory  and/or 
models.  The  difficulties  of  obtaining  analytical  time-domain  results  from 
these  particular  frequency-domain  solutions  are  unknown. 

For  the  wide-angle  bicone  antenna  the  time-domain  radiation  has 
been  calculated  (Harrison  and  Williams  1965).  For  conical  antennas,  much 
has  been  published  for  time-ham'onic  excitation  embodying  a transmission- 
line model  (Jordan  and  Balmain  (1968)). 

One  approximate  empirical  model  of  the  dipole  antenna  is  described 
in  Section  4 above.  It  models  the  antenna  as  a length  h of  lossless  TEM 
transmission  line,  with  input  and  end  reflection  coefficients  determined 
through  TDR  measuremants.  Based  upon  three  examples  selected  from  the 
literature,  this  model  does  yield  reasonably  good  approximate  results  for 
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the  circuit  response  and  radiation  from  a dipole  excited  by  rectangular 
pulse  excitation. 

The  end  reflection  and  its  resultant  waveform  distortion  can  be 
eliminated  by  the  use  of  resistively  loaded  antennas  so  that  the  traveling 
current  waves  on  the  antenna  are  reduced  to  negligible  magnitudes  by  the 
time  they  reach  the  ends  (liu  and  Sengupta  1974).  If  such  antennas  are 
used,  various  numerical  and  approximate  analytical  results  are  available 
for  study  of  the  input  and  radiation  characteristics  (Liu  and  Sengupta  1974, 
and  pertinent  references  cited  therein) , for  application  towards  practical 
engineering  models. 
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